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ABSTRACT 

This study was conducted to establish the performance parameters 
of a radial inflow, dual discharge turbine and to determine the effect 
of variations in axial clearance on these parameters. The representa- 
tive stream surface is taken at the outer discharge radius instead of 
at a computed mass-average discharge radius, as was done previously. 
This technique results in considerably simplified computations and in 
better correlation of the rotor loss parameters. 

Tests were conducted at axial clearances from 0.015 to 0.081 inches 
and at total-to-static pressure ratios from 1.2 to 1.7 for each clear- 
ance. The test installation is located at the Turbo-Propulsion Labora- 


tory of the Naval Postgraduate School, Monterey, California. 
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SECTION I 
INTRODUCTION 


As requirements for smaller more powerful turbines increase, to keep 
pace with the 45. στ the rapidiy expanding aerospace industry, more and 
more attention is given to radial turbines. Since the radial turbine can 
extract more energy per stage than an axial turbine, it is more useful in 
applications where space limitations preclude the use of a staged axial 
turbine. Currently, it is therefore used extensively for aircraft elec- 
tric power generation, in aircraft cockpit and equipment cooling systems, 
in cryogenic systems, and in missile auxiliary power systems. 

As a consequence of the increasingly widespread use of the radial 
turbine, the establishment of performance parameters as an aid to the 
design of these turbines is of fundamental importance. It is the ob jec- 
tive of this report to establish some of the performance parameters for 
a particular radial inflow, dual discharge turbine using air as an 
operating fluid and relating these parameters in such a way that they may 
be applied to geometrically similar turbínes operating with different 
fluids and in different environments. 

Although similar studies have previously been conducted on this 
machine, this itae dires differs in two important aspects. First, 
several significant and necessary changes in the internal dimensions of 
the turbine were made, thus resulting in a somewhat different machine 
than that previously tested. Also, the method of analysis used is a 
considerably simplified one, which yields more significant results with 
less computational effort than those methods previously employed by re- 
ferring all losses to the outer discharge radius rather than a computed 


average radius. 
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Additionally, this project had as an objective a significant expan- 
sion of the operating ranges examined beyond those previously considered. 
Because the evaluation of turbine performance parameters involves a 
formidable computation requirement, the data obtained in the experiments 
were reduced by means of the computer programs described herein, which are 
written in FORTRAN IV language for the IBM 360 computer system used at 
the Naval Postgraduate School. 

The author gratefully acknowledges the guidance and counsel of 
Professor Robert D. Zucker, of the Department of Aeronautics, Naval 
Postgraduate School, and of Professor Michael H. Vavra of the same 
department. Thanks are due also to Mr. James E. Hammer and his coworkers 
on the technical staff of the Turbopropulsion Laboratory for their many 
hours of hard work in modifying, repairing, and operating the turbine 


test rig. 
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SECTION 2 
THE I.C.P, RADIAL TURBINE 


The turbine used in this investigation is a dual discharge, radial 
inflow turbine installed at the Turbopropulsion Laboratory of the Depart- 
ment of Aeronautics, Naval Postgraduate School. It was originally de- 
signed and built by the Aerojet General Corporation, for application as 
the power supply for a missile propulsion combustion cycle. The origi- 
nal performance evaluation was conducted by Vavra (1), with subsequent 


investigations by Finn (2), Riley (3), and Boshoven (4). 


2.1 Description of Turbine Assembly 

The basic turbine test installations used are shown in Figures 1 
and 2. The turbine assembly consists of: the wooden inlet casing, with 
its inner contour in the shape of a varying diameter torus, or scroll; a 
circular stainless steel guide vane assembly consisting of seven circular- 
arc blades and the rings themselves; the rotor assembly; and two plexi- 
glass shrouds. 

The inner contour of the inlet casing was formed by casing plaster 
of paris around a wooden insert of the desired scroll dimensions. The 
inner surface of the scroll was varnished to prevent erosion. The wooden 
insert used in this process is shown in Figure 3, and Figure 4 presents 
a cross-section of the wooden casing, showing the shape of the scroll and 
the locations of the various scroll pressure taps. It is worthy of note 
that the flow entry is not tangential, as is customarily the case in 
radial turbine installations. This characteristic is a result of design 


requirements in the originally proposed missile installation. 
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A cross-section of the turbine is shown in Figure 5. In this view 
are indicated the turbine dimensions and minimum clearance as they 
existed for the test runs. The clearance, or axial distance between the 
rotor and the shrouds, was increased during the tests by means of circu- 
lar metal shims inserted between the shroud flanges and the aluminum 
rings on which they rest. 

The series of tests conducted utilized two different rotors. The 
"dummy" rotor, so called because it does not rotate, is a special device 
designed to permit measurement of the torque generated by the incoming 
flow and thus provides a measure of scroll and guide vane performance. 
This rotor is shown in Figure 6. It has a diameter of 9.50 inches, an 
axial length of 8.50 inches, and 36 meridional blades. This diameter 
places the blade leading edges at the radius which corresponds to that of 
the annulus containing the static pressure taps ahead of the rotor, and 
the axial length extends the blade trailing edges beyond the shrouds. 

The "active" rotor, or the power-producing rotating element, is 
shown in Figure 7. It is 9.40 inches in diameter and has an axial length 
of 5.00 inches. The rotor discharge radius is 1.76 inches at the hub and 
2.94 inches at the tip. The fifteen blades have a spacing at the dis- 
charge varying from 0.737 to 1.232 inches, hub to tip respectively. The 
actual rotor discharge area on one side of the rotor is 6.43 square inches, 
including an effective flow area through the radial gap between the blades 
and the shroud taken at the discharge plane (1). A view of the left 
rotor discharge, ОИ the plexiglass shroud and several of the eight 
shroud pressure taps which measure static pressure at the rotor inlet, 


is given in Figure 8, 
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2.2 Modifications to Turbine Assembly 

When the turbine assembly was dismantled in preparation for this 
series of tests, it was discovered that one of the plexiglass shrouds 
was deeply gouged. Since removal of enough material to eliminate this 
fault would have destroyed the contour of the shroud, it was decided to 
cut the contours of both shrouds so’ that they would exactly fit the rotor 
contour. Additionally, it was decided to correct several dimensional 
discrepancies noted in earlier reports. 

Riley (3) indicates a distance of 0.943 inch between the inner ex- 
tremities of the shrouds. Since the axial width of the blade tips is 
0.894 inch, this indicates a basic (unshimmed) axial tip clearance of 
0.025 inch on each side of the blade. Boshoven (4), however, determined 
the distance between shrouds to be 0.966 inch, with a resulting unshimmed 
clearance of 0.036 inch. Additionally, Boshoven discovered that the in- 
side extremity of the left shroud (as viewed from the turbine inlet) was 
offset 0.016 inch more from the guide vane ring than the right shroud. 

In order to correct these discrepancies, an extensive series of 
measurements was undertaken. The guide vane rings, which were found to 
be warped, were lapped until they were flat, and all rough edges, burrs, 
and high spots on the inner surfaces of the casing halves were carefully 
removed. This resulted in a consistency to within 0.0025 inch in the 
dimension between the shroud support rings, at all points around the ре- 
riphery. Initial measurements showed a maximum variation of 0.01 inch 
in this dimension. 

Measurements with the reworked shrouds installed then showed a 
minimum clearance of 0.0477 inch, with the left shroud offset axially 
outward 0.0056 inch more than the right. The shroud flange thicknesses 


were then reduced so as to compensate for this dissymmetry and to yield 
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a final unshimmed clearance of 0.015 inch. Subsequent measurement of the 
axial travel of the active rotor, from contact at one shroud face to con- 
tact at the other, verified that all calculated clearances used in these 
tests were correct to within + 0.002 inch. 

Additional modifications were made to the dummy rotor in order to 
correct the axial stagger and unequal widths of the blades and to correct 
as much as possible the large gaps which were found to exist between the 
rotor blade contours and the shroud contours. By careful machining, the 
blade contours were made uniform, and a much closer fit was made to the 
shroud contours, even though it was not possible to completely correct 
this condition and still maintain the blade width. 

It is thus apparent that the results obtained from the turbine after 
this series of modifications could differ to a marked degree from those 
previously obtained under identical operating conditions. It also seems 
to this author that both Riley (3) and Boshoven (4) were operating at 
clearances somewhat greater than stated in their respective studies. 
Based only on these modifications, the distance between the shroud inner 
extremities for their tests would have been approximately 0.989 inch, 
yielding a minimum clearance of 0.048 inch. This may be compared with 
the minimum clearance of 0.0245 inch reported by Riley and 0.036 inch 
reported by Boshoven. 

Other modifications to the components of the test rig were made and 
are covered in the sections to which they apply. In this section only 


those modifications basic to the radial turbine itself are discussed. 
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SECTION 3 
ANALYSIS OF SCROLL AND GUIDE VANE PERFORMANCE 


In order to evaluate the performance parameters of a turbine, it 
is necessary to divide the losses into those which occur in the inlet 
guide vanes and those which occur in the rotor itself. Riley (3) and 
Boshoven (4) have used the special dummy rotor installation previously 
described (Figure 2) to determine the losses in the stator, or scroll 
and guide vane assembly. The installation determines the average condi- 
tions at the rotor inlet and thus provides an indication of scroll and 
guide vane efficiency as well as the absolute velocity (in both mangi- 
tude and direction) at the rotor inlet. 

Riley (3) concluded that the velocity coefficient, which is a measure 
of the losses occurring in the inlet manifold and guide vanes, as well as 
the absolute inlet flow angle, was essentially constant in the range of 
turbine pressure ratios and axial clearances examined. The results ob- 
tained by Boshoven (4) indicate that this assumption is invalid; in 
fact, the velocity coefficients were found to increase with pressure ratio 
for a given clearance, and the absolute rotor inlet flow angles were found 
to decrease linearly with pressure ratio. Specific results of these ear- 
lier tests are discussed in detail in Section 3.3. 

It was originally intended to utilize the dummy rotor test data of 
Boshoven (4) in this experiment. However, because of the extensive modi- 
fications previously discussed, it was „ин to repeat these tests. 
This repetition yielded the additional advantage of permitting testing 


over a wider range of clearances. 
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3.1 Instrumentation and Test Procedures 

The dummy rotor shown in Figure 6 is mounted on self-aligning ball 
bearings and replaces the turbine rotor. Its purpose is to turn the flow 
from the guide vanes into the axial direction and to discharge it with no 
peripheral velocity component. If this condition is met, the losses in 
the scroll and guide vanes may be determined by measuring the torque ex- 
erted on the static dummy rotor, the flow rate, the conditions at the 
manifold inlet, and the static pressure at the dummy rotor inlet. 

As was previously mentioned, the dummy rotor has an axial length of 
8.50 inches, which extends the blade trailing edges beyond the shroude. 
To insure that the discharge flow had no whirl components, flow straight- 
eners, also shown in Figure 6, were used. These devices consist of alumi- 
num caps containing a 1.00 inch depth of 0.125 by 0.0015 inch honeycomb 
material, The caps slide over the rotor shaft and cover the rotor blade 
trailing edges. The entire dummy rotor assembly is supported by brackets 
attached to the manifold casing, as shown by Figure 2. 

Air for turbine operation was supplied by an Allis-Chalmers 12-stage 
axial compressor. Air from the main supply line passes through a four- 
inch pipe, a settling tank, a five-inch pipe, and then into the turbine. 
The flow rate was regulated by remotely controlled butterfly valves in the 
inlet line to the turbine and in the outside discharge line of the Allis- 
Chalmers compressor. (See Figure 9.) The controls for operating these 
valves are located in the control room (Figure 10). 

The flow rate of the incoming air was measured with a sharp-edged 
orifice located ín the four-inch inlet pipe. This orifice is also shown 
in Figure 9. The pressure ahead of the orifice and the pressure differ- 
ential across the orifice were measured with standard vena contracta 


taps. The total temperature ahead of the orifice was measured with an 
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iron-constantan thermocouple installed in a Kiel temperature probe. The 


orifice installation conforms to standards set forth by Stearns, et al. 


(5) 

The total inlet conditions in the five-inch pipe just upstream of 
the turbine were measured with a Kiel probe, also incorporating an iron- 
constantan thermocouple. The static pressure at the same location was 
measured by two static pressure taps in the line. The static pressure 
at the rotor inlet was measured by pressure taps located at eight pe- 
ripheral stations in each shroud. The axial location of these taps is 
depicted in Figure 5, and their peripheral locations are shown in Figure 
4. These taps were moved to the positions shown from their original loca- 
tions near the shroud inner extremities by Boshoven (4) in order to re- 
duce the effects of local pressure perturbations experienced in previous 
tests. 

The torque exerted on the dummy rotor by the flow was measured оп а 
25-pound capacity Toledo precision scale, shown in Figure 2. A twelve- 
inch lever arm was attached to the rotor shaft and incorporated a simple 
provision for leveling, so that the force was exerted on the scale through 
an exactly vertical link. This was done to preserve the direct relation- 
ship between scale reading and moment. A counter balance was added to the 
lever arm in order to extend the capacity of the scales to accommodate 
higher mass flow rates. 

A general schematic of the instrumentation used in this and the sub- 
sequent active rotor tests is shown in Fígure ll. From this schematic it 
may be seen that the pressure upstream of the flow measuring orifice, 
the total and static pressures at the turbine inlet, and the reference 
pressures 1 апі 2 меге read from an eleven column, 40-inch mercury mano- 


meter board located in the control room. This board was referenced to 
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atmospheric pressure. Additionally, one arbitrarily selected scroll pres- 
sure tap was connected to the mercury board, and this pressure, together 
with the total inlet pressure, was used to set the pressure ratio across 
the scroll and guide vanes. The total inlet pressure displayed on the 
mercury board was used only for setting this pressure ratio since a more 
representative total pressure was computed in the data reduction. 

The sixteen shroud pressure taps that measure the static pressure at 
the rotor inlet were read on a fifty-column, 96-inch water manometer board. 
Also displayed on this board were the pressures at various stations in the 
scroll itself, although these pressures were not used in the tests. These 
pressures were measured against atmospheric pressure for the entire series 
of dummy rotor runs. However, additional, controlled, pressures could have 
been imposed on the water board reservoirs by means of regulated house air 
if this had become necessary in order to avoid exceeding the limits of the 
manometer board. These pressures (the reference pressures 1 and 2 men- 
tioned above) were displayed on the mercury manometer board. The first of 
these pressures, displayed on column 10 of the mercury board, was recorded 
as a test datum since it applied to the sixteen columns which indicated 
the rotor inlet pressures. The value of this pressure was thus zero for 
all dummy rotor runs. 

The pressure differential across the flow orifice was measured on a 20- 
inch Meriam model 34FB2 mercury micro-manometer, which has a measuring ac- 
curacy of +0.001 inch. A pair of these instruments is shown in Figure 12. 

The potentials generated by the iron-constantan thermocouples were 
measured on a 48-channel Brown potentiometer, manufactured by Minneapolis- 
Honeywell. This potentiometer, shown in Figure 13, was located in the 
control room and used an ice bath in the test cell as a cold junction 


reference. 
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À series of eighteen test runs were made on the dummy rotor instal- 
lation, of which eight are documented in this report. These eight runs 
represent clearances of 0.015, 0.024, 0.030, 0.041, 0.051, 0.061, 0.072, 
and 0.081 inches, respectively. For each clearance ten pressure ratios 
were sampled, ranging in value from 1.05 to 1.65. These pressure ratios 
represent the ratio of total turbine inlet pressure to the static pres- 
sure at the rotor inlet. 

This large number of runs was necessitated by several factors. Data 
from the initial runs possessed an unacceptable degree of scatter. This 
was attributed to an unstable supply of source air from the Allis-Chalmers 
compressor. When this unsatisfactory trend was discovered, the speed 
control system was overhauled, and the subsequent test results were signi- 
ficantly improved. 

Additionally, the stability of the system was improved by judicious 
use of the aforementioned butterfly control valve. Experimentation showed 
that if less of the excess air from the compressor were discharged to 
the outside, the compressor would be operating at a higher pressure ratio; 
(with a greater pressure drop across the valve feeding the turbine) ,and 
the pressurized air in the house plumbing would act as an additional plenun. 
The system fluctuations would then be substantially reduced. These im- 
provements in equipment and operating technique, as well as the inevita- 
ble improvement in data taking technique, led to such improved results that 
many runs were repeated in order to obtain the best possible test data. 

As first observed by Boshoven (4), it was noted that the pressure 
distribution around the shroud was very sensitive to the relative posi- 
tions of the rotor blade leading edges. To eliminate this factor as a 


possible variable, it was arranged to permit the return of the rotor to 
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the same location each time a new pressure ratio was set. This was ac- 
complished by means of a wing nut on the end of the rod connecting the 
moment arm to the scale. 
It was also observed that the pressures seemed to be higher by about 

& to 5 inches of water at the right side of the rotor inlet than at the 
left. This condition could be eliminated by moving the rotor approximately 
0.001 inch axially to the left; but since the condition was also present in 
the scroll itself, it was attributed to scroll pressure distribution rather 


than to misalignment. The rotor was centered for all runs. 


3,2 Theoretical Analysis 
From the law of moment of momentum (6), the moment M exerted on the 


dummy rotor by the flow is given by 


M = (МИз) Кі Уш (1) 


where W is the mass flow rate, R, is the inlet radius of the dummy rotor, 


1 


and V is the peripheral velocity component at R 


01 Equation (1) is 


1° 
valid for the case of steady flow in the dummy rotor because the pressures 
acting over the inlet and discharge areas cannot produce a moment about 
the axis, and because the flow straighteners insure an axial discharge 
velocity. 


A measure of the performance of the scroll and guide vanes is given 


in the form of the velocity coefficient, d » Which is defined by 


? 


where Vi is the average velocity at the dummy rotor inlet and πα, is 


the theoretical velocity at the dummy rotor inlet which would result from 


ul 


V / Vit (2) 


an isentropic expansion from the manifold inlet total conditions P T 


tO’ το 
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to the static pressure P; at the dummy rotor inlet. This process ís 
shown on the T-s diagram of Figure 14. The component velocities may be 
seen on Figure 15. 

From the energy equation for an adiabatic, no work process, the 


at the dummy rotor inlet is 


ИЕ 29 J Cp (Τιο - Τι) (3) 


If use is made of the isentropic pressure-temperature relation for a 


velocity Vi 


perfect gas and of Equation (2), V, may be alternately expressed as 


1 


V7 4 /2gTc To [1-(&/Pi) * ] (4) 


Application of the equation of continuity at the dummy rotor inlet 
yields the following expression for the average meridional velocity 


component: 
Wai = Му g А, (5) 


where 21 is the density at the dummy rotor inlet, and А, is the cross- 


sectional area normal to the flow (meridional cross-section). The area 


Αι is given by 


Λι = 2т Ж, В, (6) 


where В, is the distance between the shrouds at the rotor inlet. Using 


the equation of state for a perfect gas, 91 тау Бе ехргевзей ав 


S Pi / Rg Th (7) 


Substitution of this relation and Equation (6) into Equation (5) yields 


the resultant expression for Val’ 
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μετ 
mee: бт ВВ, > (8) 


From Equation (1), the peripheral velocity may be expressed as 
Vi = κ (9) 
Ri W 


and V, may additionally be given by 


1 
2 
γι - у Var "t s (10) 


Thus, three equations expressing the velocity V, are established, 


1 
these being Equations (3), (4), and (10). Upon substitution of Equations 
(8) and (9) into Equation (10), it may be seen that this set of three 
equations contains three unknowns. The unknown quantities to be deter- 


mined are the velocity V the velocity coefficient ф , and the tempera- 


τα 
ture Τι, all other quantities being either constants or determined direct- 
ly from measured data. Solution of this system of equations establishes 


the velocity components, which may then be used to calculate the absolute 


flow angle at the dummy rotor inlet, according to the relation 


><, = [an^ (Ми Ут) £o. 


À nozzle loss coefficient, к, may be obtained from the relation 


UN - | - Z“ - |-« eu 


where η is an efficiency based on the ratio of the actual-to-isentropic 
temperature drop across the scroll and guide vanes. It is introduced here 


only to illustrate the significance of by and ф. 
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3.3 Reduction of Data: Program SCROLL 

The computer program SCROLL, listed in Appendix A, determines the 
unknown quantities, Vi? 2, апа Tj» and the absolute inlet angle, e» 
from the test data using an iterative procedure. The program makes 
temperature corrections to the physical properties of air and to the 
specific gravities of the water and mercury used as manometer fluids. 
It converts the manometer readings and thermocouple voltages into pres- 
sures and temperatures, às required, and then establishes the mass flow 
rate. The average conditions at the dummy rotor inlet are then calcu- 
lated from the measured torque ín accordance with the previously given 
relations. 

Program SCROLL has been described in detail by Riley (3) and Boshoven 
(4). Except for conversion to the FORTRAN IV language, the program used 
in this experiment remains essentially the same; therefore, the details 
of the computational processes will not be repeated. However, certain 
minor changes were incorporated in the temperature corrections applied to 
the manometer fluids, in the thermocouple equations used, and in the pres- 
sure and flow rate solutions. These changes are briefly described in 
Appendix A, although they become evident if the program used in this re- 


port is compared with either of the two above-listed references. 


3.4 Discussion of Results 
The results of program SCROLL consist primarily of values of the 
velocity coefficient, 2 , and the absolute flow angle at the rotor in- 


let, © 1: These values are plotted versus M the Mach number at the 


ye 
rotor inlet, as opposed to the pressure ratio, Р, /Р1› because the Mach 


number is a more significant parameter in the application of test results 


to geometrically similar machines. Figure 16 shows 2 as a function of 
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Mi for each of the eight clearances tested, and Figure 17 is a similar 


plot for σι as a function of M Each of the curves was fitted to the 


1° 
data obtained for that run by the least squares method. The tabulated 
results for each of the eight runs are given in Appendix A. 

It may be seen from Figure 16 that the velocity coefficient 
increases with Mach number, the average increase being approximately 4.75 
per cent over a Mach number range of 0.2 to about 0.8. This percentage 
increase is practically the same regardless of clearance. This increase 
is due, at least in part, to the decreasing coefficient of friction in 
the scroll and guide vanes, which results from the increasing Reynolds 
number. 

The coefficient 2 generally increases with decreasing clearance for 
a given pressure ratio with the maximum values of d occurring at the mini- 
mum clearance of 0.015 inches. As clearance is increased beyond a value 
of about 0.070 inches, the incremental drop in ó per increment of clear- 
ance increase appears to become much larger. An explanation for this oc- 
currence is that as clearance is increased, an increasing amount of flow 
escapes around the blade tips. This flow loses angular momentum by wall 
friction and subsequently strikes the dummy rotor blades at some lesser 
radius, thus imparting a reduced amount of torque to the rotor. The cumu- 
lative effect of this energy loss would logically become more pronounced 
at increased clearances. The overlapping of certain of the curves in Fig- 
ure 16 at the lower Mach numbers occurred because of the relative in- 
sensitivity of the — at low pressures. 

Figure 17 shows that the absolute rotor inlet flow angle, eX 1» in- 
creases with increasing Mach number up to a Mach number of approximately 


0.4. Beyond that point, ος, decreases with increasing Mach number. These 


1 


changes are small, although they appear to be significant because of the 
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highly expanded scale of Figure 17. In fact, the average maximum change 
in ° over the range of Mach numbers is approximately 0.52 degrees. In 


general, increasing the mass flow rate will increase V, and, of course, 


1 


the components у апа Уа The variations in the magnitudes of these 


1 TM 
two quantities as the Mach number is increased determine the variations 


of cx«,, as shown by Equation (11). 


1? 
It is also shown оп Figure 17 that the angle > increases as clear- 


ance increases. This is primarily because M is inversely proportional 


1 
to the meridional cross section, which increases with clearance since it 
depends on the distance between the shrouds. By Equation (11), the smaller 


values of Уа result in larger inlet flow angles. 


1 

It was concluded by Riley (3) that the velocity coefficient ф was es- 
sentially independent of the pressure ratio Po! Py and that a constant 
representative value of 0.889 was sufficiently accurate. Although he 
determined that > decreases with increasing pressure ration, he also 
assumed a representative value of 80.0 degrees for 266 

Boshoven (4) subsequently investigated the scroll and guide vane per- 
formance in greater detail and obtained results that agree in a qualita- 
tive sense with those described above. Because of the many modifications 
made to the machine components, both in preparation for this experiment 
and during the course of Boshoven's, a more precise comparison is not 
warranted. It is worthy of note, however, that Boshoven did not obtain 
the continuous decrease in d with increasing clearance which is apparent 
from Figure 16. Further, the increase in $ with Mach number found in the 
present tests is more pronounced than Boshoven's, his increase being on 
the order of 2 per cent for a given clearance, over the range of Mach 


numbers. It is felt that these changes have occurred because of the 


machining of the rotor so that it more closely fits the shroud contours, 
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thus minimizing flow loss around the blades and permitting closer mini- 
mum c jen e 

An examination of the data points given in Figure 16 for @ as a 
function of Mach number shows that some scatter exists. This scatter 
may be attributed to fluctuations in the air supply from the Allis- 
Chalmers compressor. The presence of this problem and methods under- 
taken to alleviate it have been discussed previously in Section 3.1. 
This scatter of data is also present in the curves of ©, as a function 
of Mach number given in Figure 17, but to a lesser extent. 

In order to use the results of the dummy rotor tests in later data 
reduction programs, it was necessary to obtain equations representing 0 
and e, in the form 

CX, = Constant [ει (clearance)][f, (Mach number)] 


1 


The function f was obtained by first taking the ratio of œ to ex, 


1 
maximum at each Mach number, for each clearance. The values of this 
ratio were then plotted versus clearance. From this plot an average curve 
was obtained, and its equation was computed by the least squares technique. 
The resulting equation expressed ее! eX, ax 28 a dimensionless function 
of clearance. 

The function f, was obtained by computing the ratio οἱ Θέ, to the 
value of eX, at a Mach number of 0.5, and plotting this ratio versus 
Mach number for each clearance. Again, an average curve was determined, 
and its equation was computed. This equation, again dimensionless, ex- 
presses x, / 9X1 M». 5) as a function of Mach number. 

The appropriate scaling factor was determined for each test point. 
An average of all of these factors, which did not differ greatly in value, 


was taken as the constant in the above expression. The equation for 0 


was determined in the same manner. 
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The final equations resulting from this procedure were 


eÇ, = (81.762)[.98267 +.26958 (Cine) - . 65080 (Cine) ^. ] 
[. 99624 +.02223(м,) – . ог9но (м)? ] 


(13) 


B= (.92473) [1.01433 - 1. 24601 (Cine) + 24.06839 (Ctac)* 
— 180 .36258 (Cine)? ] 


(14) 


[.93149 + . 18292. (м1) – . 09202 (M,)? ] 


Families of curves produced by these equations are given in Figures 18 


and 19, for $ and «X, respectively. These curves agree well with those 


1 
of Figures 16 and 17 when consideration is given to the approximations 
introduced in the derivations of Equations (13) and (14). For the veloc- 
ity coefficient, Z » the maximum difference which exists at any point 
between the curves of Figure 16 and those of Figure 18 is 0.0052. A 
similar comparison for ea yields a maximum difference of 0.06 degrees. 
Because of the manner in which Equations (13) and (14) were derived, the 


most significant discrepancies occur near the extremes of the Mach number 


range. 
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SECTION 4 


ANALYSIS OF OVERALL TURBINE PERFORMANCE 


The turbine overall performance tests, when combined with the results 
of the dummy rotor tests, provided data from which detailed performance 
parameters of the turbine could be evaluated. The specific parameters 
evaluated were: the total-to-static overall efficiency; velocity and 
loss coefficients for the rotor and guide vanes; rotor inlet and outlet 
flow angles; referred speed, moments, and flow rates; the head coefficient; 
and the degree of reaction. Calculations were made assuming no bearing 
losses and also for the case of 'maximum" bearing losses. Bearing loss 
values were determined from equations given by Vavra (1), which were 
established from coast-down tests. Тһе analysis was made using a "mean" 
streamline approach, which is defined as utilizing a representative 
streamline along which the measured flow conditions are assumed to exist. 
This streamline was taken as that at the outer discharge radius of the 
turbíne for this analysis, and thus all losses are referred to that outer 


radius. 


&,1 Instrumentation 

The "active" rotor shown in Figure 7 was installed for this series 
of tests, and the rotor and wooden casing were placed in an aluminum 
test stand. Figure 1 shows the test installation. Alignment of the scroll 
with respect to the rotor was accomplished by the use of the dummy align- 
ment shaft and dial micrometers shown in Figure 20. Precise alignment 
was found to be quite difficult because the massive wooden casing and 
scroll assembly had to be positioned relative to the rotor. Positioning 


was accomplished by means of four adjusting bolts located at the bottom 
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of the casing and by four angle=irons attached to the casing and resting 
on the bearing supports. In spite of the difficulty involved, alignment 
of the concentric aluminum rings which serve as supports for the shrouds 
was obtained to within + 0.001 inch in the radial direction from the 
dummy alignment shaft. These rings were found to deviate from a plane 
perpendicular to the rotor axis by less than 0.002 inch at a radius of 
4.7 inches. 

The power developed by the turbine was absorbed by a Vortec Products 
Company air dynamometer, model 20.075, shown in Figure 1. Lubrication of 
the dynamometer was accomplished by an oil mist generated by air pressure. 
The torque output was measured with a torque capsule having a maximum 
rated capacity of 400 inch-pounds. This capsule utilized strain gages 
arranged on an internal flexure and was additionally instrumented with an 
iron-constantan thermocouple to provide a means of monitoring the capsule 
temperature, The signal generated by the strain gages was read on a Day- 
tronic model 700 digital indicator located in the control room (Figure 10). 

The dynamometer shroud was modified from the configuration used by 
Riley (3) so as to discharge the hot exhaust air radially outward, rather 
than back onto the torque capsule and housing, in order to minimize ther- 
mal effects on the torque capsule. The circular aluminum ring visible in 
Figure 1 was used to accomplish this modification. Additionally, a wooden 
baffle, not shown on Figure 1, was used to protect the capsule from the 
cold turbine discharge air, and to prevent any interference between the 
dynamometer discharge and the right rotor discharge. 

Figure 21 shows the inner face of the torque capsule, the steel quill 
shaft used to connect the dynamometer to the turbine, and the magnetic pick- 
up and six-lobe flux cutter used to measure turbine speed. The turbine 


speed was read from a Hewlett-Packard electronic counter located in the 
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control room (Figure 22). Speed was regulated by means of a remotely 
controlled motor on the dynamometer itself, which changes the load capac- 
ity of the dynamometer. The remote control unit is shown in Figure 10, 
and the drive motor is shown in Figure l. 

Lubrication of the turbine bearings was provided by a dry-sump system 
utilizing a gear-driven oil pump and an upper and a lower oil mist injector 
for each bearing. The lubricating fluid used was 1010 jet engine oil. 

The cart containing the pump, oil reservoir, heat exchanger, and system 
pressure gages is shown in Figure 23, and the lubrication system is shown 
schematically in Figure 24. For these tests the previously existing sys- 
tem was changed to that shown in Figure 24 to permit measurement of the 
oil temperature into the bearings and at the point of discharge from both 
bearings. This was accomplished with iron-constantan thermocouples in- 
stalled as shown on the schematic. 

Figure 24 also shows the iron-constantan thermocouples used to mea- 
sure the bearing outer race temperatures. Vibration signals from the 
bearings were detected by a piezo-quartz accelerometer mounted on the up- 
per left bearing cap and monitored on a Panoramic vibration analyzer manu- 
factured by the Singer Metrics Company. The accelerometer is visible in 
Figure 8, and the analyzer is shown in Figure 22. 

The pressures and flow rates were measured in the same manner as for 
the dummy rotor test previously described. The signals from the thermo- 
couples were initially read from the Brown potentiometer shown in Figure 
13. During the Whee Es of the testing period, however, they were 
read from a new automatic data acquisition system manufactured by В & Е 


Instruments, Inc. This system is shown in Figure 25. 
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4.2 Test Procedures 


Test runs were conducted at five different axial clearances: 0.081, 
0.061, 0.041, 0.024, and 0.015 inches. For each clearance, runs were 
made at total inlet to static discharge pressure ratios of 1.2, 1.3, 1.4, 
1.5, 1.6, and 1.7. At each pressure ratio, turbine speed was varied from 
the minimum speed (maximum load condition) for that pressure, to the 
highest speed attainable, in increments of about 1,500 rpm. Maximum 
speed was restricted to 18,000 rpm for reasons of safety. 

Measurement of the torque at zero speed was also made for each pres- 
sure ratio at each clearance. This was accomplished by engaging the dyna- 
mometer rotor lock and measuring the resulting torque. 

As turbine speed was increased during the first run, a point was 
reached at which the bearings overheated and started to seize, causing 
a rapid drop in speed. The turbine was dismantled and carefully examined. 
No apparent damage had been incurred by the ball bearings. The oil sys- 
tem was flushed and refilled, and the unit was reassembled. This condi- 
tion repeated itself in several subsequent runs, occurring whenever the 
bearing temperature reached approximately 135°F. Additionally, consider- 
able amounts of oil were being lost from around the shaft and bearing 
caps at higher speeds. Apparently neither of these conditions had ex- 
isted in previous tests. 

Since the bearings themselves did not appear to be at fault, ex- 
tensive tests were made to determine whether changing the amount of lubri- 
cating oil flow would alleviate these problems. It was found that vary- 
ing the oil system pressure from 10 pounds per square inch to 50 pounds 
per square inch would reduce the bearing temperature a maximum of six 
degrees, but this variation did not significantly reduce leakage. A 


solution was ultimately found to both problems by carefully positioning 
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the oil injectors so that they discharged directiy into the balls of the 
bearing and did not strike the race and by slightly enlarging the injector 
orifices so as to increase the mass flow rate of the oil. The bearing 
temperatures could then be kept below a maximum of about 125°F at 18,000 
rpm, and oil leakage was negligible. 

The fact that the bearings experienced a maximum temperature in- 
crease of about 50° over the range of speeds tested, whereas in previous 
tests the increase had been only about half as much (7), created a ques- 
tion as to the applicability of the bearing loss information obtained 
from the coast-down tests conducted by Vavra (1). It was therefore decided 
to attempt to evaluate the bearing losses by measuring the oil flow rate 
and the amount of heat absorbed by the oil as it flowed across the bear- 
ings. If the constant pressure specific heat, e: of the oil were known, 


the energy lost in the bearings could be obtained from the relation 


Woü Cp oil AT bearings 


zT (15) 


BFM = 


where BFM is the bearing friction moment in foot-pounds and w is the 
turbine rotational speed. 

Numerous tests were made in order to calibrate the mass flow rate of 
the oil with the system pressure, and the lubrication system was modified 
to include the previously discussed thermocouples ahead of and after the 
bearings. Flow rate calibration was accomplished by weighing the amount 
of oil discharged by the injectors on each side in a given time interval. 

In attempting to evaluate bearing losses by this technique, the re- 
sults obtained from several test points indicated losses on the order of 
20 per cent of the minimum losses predicted by Vavra (1). In fact, it 
was discovered that the exposure of the inlet lines, the bearing block it- 


self, and the sumps to the cold discharge air sometimes produced cooler 
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temperatures on the discharge side of the bearings than existed ahead 

of the injectors. Since insulation of the oil lines and the bearing 
blocks to the extent necessary to overcome this deficit was not feasible, 
this attempt to determine the bearing losses was abandoned. The oil 
temperatures were recorded as data for future use, however, and appear 
in Appendix B. 

The dynamometer torque capsule was calibrated both before and after 
each day's runs in order to permit consideration of any variations during 
the course of the runs. Calibration was accomplished by use of the de- 
vice shown in Figure 26. An aluminum plug was fabricated to fit into the 
torque ring of the capsule. Torque was applied by loading the weight 
pans on the moment arm, which was attached to the plug. Riley (3) at- 
tached the moment arm directly to the inlet side of the dynamometer; 
thus, a moment was introduced due to the axial distance between the 
capsule and the point of application of the load. The apparatus used in 
these tests reduced this potential source of error almost entirely. 

Loads of 0 to 400 inch-pounds were applied to the capsule in 100 
inch-pound increments. The span of the digital readout was set at O to 
1000 counts, the latter approximately corresponding to 400 inch-pounds. 
Calibration readings were taken for both increasing and decreasing loads 
in order to evaluate the amount of hysteresis present in the readout. 

As each load was applied, the capsule housing was tapped gently with a 
mallet to overcome any drag in the capsule itself and to eliminate errors 
caused by lag in the servomechanism of the digital counter. This pro- 
cedure is valid, because a like amount of vibration was observed to exist 
under the dynamic load conditions of an actual test run. Using this 
technique, the amount of hysteresis present between the loading and un- 


loading cycles was found to be negligible. 
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The torque readouts for calibrations performed both before and after 
the test runs were found to vary linearly with applied torque. However, 
the data obtained after the run were generally higher, by 2 to 3 counts 
at zero load, to 13 to 15 counts at &00 inch-pounds, than the original 
calibration. This was felt to be due to the thermal effects of the higher 
capsule temperatures which existed during the run. A thermocouple was 
installed in the capsule in an attempt to establish some correlation be- 
tween this temperature rise and the torque count increase. Tests in which 
the capsule was heated from the outside with a strip heater were incon- 
clusive, because similar increase in torque counts for given torque load- 
ings could not be produced, even though the temperatures indicated by the 
thermocouple were considerably higher than those recorded during the actual 
test runs. 

When the turbine is in operation, the capsule is heated from within 
by heat from the dynamometer bearings. This is modified by the dynamometer 
water cooling system and by the cold turbine discharge air. A method of 
reproducing the interaction of all of these conditions in static calibra- 
tion tests was not found, and so the torque calibration data ultimately 
used represented an average of the data obtained before and after the test 
runs. This accounts for some increase due to thermal effects and is felt 
to be a reasonable representation. In some instances, the capsule tempera- 
ture was observed to increase immediately following shut-down, while at 
other times the reverse effect occurred. It is felt that more representa- 
tive temperature data could be obtained by relocating the thermocouple on 
the flexure closer to the strain gages. 

The compressor which provides house air failed after two clearances, 
0.081 and 0.061 inches, had been tested. This compressor provides air to 


the speed controls of the Allis-Chalmers compressor and also provides the 
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air which is used as a reference pressure for the water manometer board. 
The remaining three clearances were tested using a smaller auxiliary 
compressor, which introduced considerable fluctuations into the house air 


system. 


&.3 Theoretical Analysis 

The known quantities necessary for the turbine analysis as performed 
in this project are; mass flow rate; total inlet temperature and pres- 
sure; static inlet pressure; turbine speed and torque output; atmospheric 
pressure and temperature; and the absolute rotor inlet flow angle and 
velocity coefficient based on the results of the scroll and guide vane 
analysis. 

The working fluid is assumed to undergo an adiabatic process, since 
the quantity of heat passing through the casing is negligible compared to 
the enthalpy change undergone by the fluid as it passes through the tur- 
bine. It is additionally assumed that the fluid behaves as a perfect 
gas. 

The flow is assumed to have axisymmetric stream surfaces; thus, in 
effect, the analysis is one-dimensional, based on the determination of 
the flow properties along a particular streamline lying on a chosen sur- 
face of revolution. Vavra (8) states that the major portion of the rotor 
losses is due to secondary flow phenomena, tip leakage losses, and the 
loss that occurs because of the motion of the blade tips in the wall 
boundary layers. Thus is would appear that the majority of the losses 
occur near the shrouds, and the representative streamline was accordingly 
chosen as that existing at the outer radius of the rotor discharge. It 
was felt that this approach would yield a better correlation of results 
than that obtained from use of a calculated mass-averaged mean radius at 


the rotor discharge (7). 
&3 


It is assumed that the relative flow angle g 20? calculated from the 
blade dimensions, is very nearly equal to the actual relative flow angle 
at the outer discharge radius (where P 20 assumes its maximum value). This 
implies that the so-called slip factor may be neglected. Verification of 
the validity of this assumption is given by the flow surveys taken at the 
rotor discharge by Riley (3). Accordingly, B 20 was calculated from 
Equation A2(4) of (1) and found to be equal to -69.85 degrees at the outer 
radius. This value was used in all calculations. 

The thermodynamic process of a fluid passing through a turbine is 
given in Figure 14. The resulting flow velocities are shown in Figure 15. 
The derivations which follow are based on these two diagrams. 


Referring to Figure 14, for a reversible, adiabatic process, 
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where T,'' represents the static temperature at the rotor discharge for 
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an isentropic expansion through the turbine to Po: The isentropic tempera- 


ture drop which would occur for such an expansion is 


£ 


ie ри (17) 


and may therefore be expressed as 


Alis = ho | |-(R/Pio) ` (18) 


Similarly, for an isentropic expansion across the inlet guide vanes 
Y- | 


mme = | Г Y (19) 
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(АТ) guide vanes = ιο Τι = уу и-(// I) " | (20) 
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The isentropic, or theoretical degree of reaction, r, represents 
that portion of the overall isentropic enthalpy drop which occurs in the 


rotor, or 





аг" (21) 
A lis 
Therefore, 
r = ] m (4 Tis ) gvide Vanes (22) 


and, from Equations (18) and (20), 


Бес ке ГЕ (в, / P.) S | (23) 
1 - (5; /P4.) v ] 


The total-to-static efficiency of the turbine is defined as the 





ratio of the work actually produced by the turbine to that work which 
could ideally be accomplished by isentropic expansion from total inlet 
to static outlet conditions. For this case, the efficiency may be ex- 


pressed by the ratio of the corresponding temperature drops, 


14 - at, (oT (24) 


The change in total enthalpy across the turbine is 


= M w 
ΔΉ, - Ср A lw = στι (25) 


where M is the net torque produced, tyis the rotational speed, and W 


is the mass flow rate. Therefore, AT,, may be expressed as: 


M us 
= 26 
aly um ο 


The efficiency given by Equation (24) was computed both for the 
case where bearing friction was considered and for the case where it was 


not. Bearing friction was calculated based on the results of coast-down 
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tests performed by Vavra (1). The friction horsepower is expressed by 


HP, = -0.6 + (N/1000) (.17143) (27) 
for N < 10,500 rpm, and by 
HP, = - 0.6 +(N /i000)(.17143) - (4.898 «1с Моо -г0.5) (28) 


for N > 10,500 rpm. The bearing friction moment is then given by 


(29) 


The net moment is then the sum of T, the moment measured by the dynamo- 


meter, and the bearing friction moment: 
Ее Е (30) 


The velocity C. corresponding to the isentropic enthalpy drop 


0 


through the turbine is given by the expression 
2 - = 
Со = 2 d J cp Alis (31) 


and the peripheral speed of the rotor at the rotor inlet is 


T N D, 
= — 32 
U, 720 ° 


where Di is the rotor inlet diameter in inches. By Equations (31) and 


(32), the isentropic head coefficient is given by 


Kis = ( Co / ау (33) 


The absolute velocity Vi is expressed by Equation (4). An alternate 
expression, obtained by substitution of Equation (23) into Equation (4), 


is 
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V. =é joo r ME a (34) 


The temperature T. may then be obtained from 


1 
2 
x V. 
Lal ια (35) 
to го ер 
апа Μι, the Mach number at the rotor inlet, is 


V, 
eg Jo Τι 


The results of the dummy rotor tests can now be used by introducing 


M 


(36) 
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Equation (14) to obtain $ by an iterative procedure which is discussed 


in Appendix B. Equation (12) gives the nozzle loss coefficient as 


ie x 
οσα UE 
Values for 0%) can now be taken from Equation (13) to determine the 
peripheral and meridional velocity components of У. 


ο ο т” 


Vm = MV €os en (39) 


From Figure 15 it is apparent that the peripheral component of the 


is 
1 


Wu = Мы - Us (40) 


relative rotor inlet velocity W 


and W. is then found from 


1 
W. = Y es^ T Vitis (41) 
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The relative inlet flow angle B, is 


в. = это (Wa / W.) (42) 


At this point all conditions at the entrance to the rotor are known. 


It is assumed that only the kinetic energy у 1/2818, is useful іп 


the rotor (since it has radial blades), and that the incidence loss at 
the rotor inlet is taken as Wy /28JC, (8). Thus, the effective rela- 
tive velocity head is reduced, and static conditions at the rotor inlet 


are really those at T,* on Figure 14. 


1 


The equivalent state point E shown on Figure 14 is established from 


the energy equation for a rotating system in the following manner (6): 








W: То * R^ м Ln p 
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where Hp is the relative total enthalpy. This equation may be rearranged 


in the form 


= μι 2 Ui UZ ЕЕ МЕ 
He -h tur (55-4 = К, + СТЕ (44) 


where the left side is equal to H the total enthalpy at the state point 


E? 
E, Equation (44) clearly shows that state point E is the proper refer- 
ence point from which to view the expansion process through the rotor in 
an analogous manner to that of the stator. The peripheral speed at the 


outer discharge radius, U5g» is given by Equation (32) with D, replaced 


1 
by D503 the outer diameter of the rotor discharge. 
The work output of the turbine, represented by the change in total 


enthalpy, may be represented by Euler's turbine equation (6): 


= _ Dí Va - Оо Vuzo 6 (45) 


gJ 
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where 9.0 and У 20 occur at the outer discharge radius. Manipulating 


this equation and Equations (24) and (31), an expression for the peri- 


pheral component of the absolute discharge velocity, У 120 13 
Мә _ Κι δω Boome (46) 
U. К зо Ui 2 О, 


Using the velocity diagram of Figure 15, it can be shown that the 


relative velocity at the outer discharge radius, W o? may be expressed 


2 
by 
WW 20 - (Изо πι) pr (сый R1) (47) 
U. SIA P zo 


where, in keeping with the stated assumptions, 


Ра ож” (48) 


If the divergence of the pressure lines on the entropy diagram of 


Figure 14, in the direction of increasing entropy, is neglected, there is 


j... Qu d (49) 


By Equations (21) and (31), the right side of the expression is equiva- 


lent to 


Taf дата a (50) 
1 2. τη Z g T cp 


From Figure 14, the left side may be expressed in terms of the velocities: 


a = гоц 02-02. ἜΝ γην (51) 
ИВ ENE 29 7с 2% Тер 


Manipulation of Equations (50), (51), and (32) yields a relation for 


h! the theoretical relative velocity at the rotor discharge: 


ae = СС "атылу J TH 
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Using Equations (&7) and (52) it is now possible to define a velocity 
coefficient V for the rotor, which is analogous to the velocity co- 


efficient 2 for the scroll and guide vanes given by Equation (2). 


y = Wee / Wao (53) 


The rotor loss coefficient, which is a measure of the kinetic energy loss 


through the rotor, is, then 


ЕТІ уе (54) 


The meridional velocity component of the absolute discharge velocity can 


be expressed by 


Nine = Were Cos Dae (55) 


from Figure 15. The absolute discharge flow angle is then 


L 29 ~ tan™ (Vuzo / Vmzo ) (56) 


If consideration is given to the case where bearing losses are as- 
sumed to exist, the resulting efficiency will obviously be different 
from that for no bearing losses. Examination of the foregoing analysis 
shows that, correspondingly, different values for У 1202 Ум20? Woo? y 
and n will result. 

Thus, from the measured items of test data specified at the begin- 
ning of this section, the following performance parameters are obtained 
by the analysis сесте: flow rate, head coefficient, degree of re- 
action, absolute and relative rotor inlet flow angles, velocity and loss 
coefficients for the scroll and guide vanes, the net torque produced, the 
absolute discharge flow angle, the rotor velocity and loss coefficients, 


and the total-to-static efficiency. 
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Im this experiment the above parameters are referred to standard 


air in accordance with the NASA method, as described in (1). 


This method 


utilizes a total inlet pressure of 14.7 pounds per square inch absolute, 


a total inlet temperature of 518.7 degrees Rankine, a specific heat ratio 


of 1.4, and a constant pressure specific heat of 0.24 BTU per pound mass- 


degree Fahrenheit. The referral parameters are 


$ 2 Peo / 14.7 
pu Tto / 518.7 


and 


У+ | 
0.810 | τ; 2(Y-1) 


Y 2. 


(57) 


(58) 


(59) 


The factor € , which corrects the flow rate through the turbine for 


varying values of Y , is that given by Vavra (1) and is supposed to give 


a better correlation than the expression for € used by NASA. 


The referred speed is then given by 


М = V / е 


The referred flow rate is 


Үү сер. = W (/e` £ ) 


Finally,, the referred moment is 


МЕ = M = 
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(61) 


(62) 


4.4 Data Reduction: Programs RADIAL and NOSPD 

The computer program RADIAL, listed in Appendix B, determines the 
turbine performance parameters described in Section 4.3 from the test data. 
In general, the specific techniques used by the computer in these computa- 
tions are apparent from the program itself. However, Appendix B describes 
each subroutine briefly and elaborates on specific computational pro- 
cedures which are not immediately obvious. 

Program NOSPD, listed in Appendix C, was written to compute the de- 


sired performance parameters from the locked rotor test data. 


4.5 Discussion of Results 

The input data and results of program RADIAL are listed in Tables B4 
through B13, with input and output for a given clearance appearing in ad- 
jacent tables. The input data and results of program NOSPD appear in 
Table C2. 

Figure 27 shows the degree of reaction, r, as a function of head co- 


efficient, k for the clearances tested in this analysis as well as 


is’ 
those of Riley (3) and Vavra (1). For each clearance, the degree of re- 
action was found to be a unique function of head coefficient, independent 
of turbine pressure ratio. This is in agreement with the findings of 

both Riley and Vavra. Riley further concluded that the degree of re- 
action is independent of axial clearance. The results of the present tests 
verify this for all clearances except for 0.081 inch. At this clearance, 
the values of r obtained were found to be approximately 1 to 1.5 per cent 
lower than those for the other clearances. This is shown on Figure 27, 
where the resulting curves for all clearances except 0.081 inch are rep- 


resented by that for 0.061 inch, and the curve for 0.081 inch is plotted 


separately. This discrepancy implies that, for a given overall pressure 
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ratio, the pressure p, càn no longer be maintained at a clearance of 
0.081 inch. 

It may be seen from the representative curve of Figure 27 that r 
decreases with increasing Κι. (decreasing speed), from a value of ap- 
proximately 0.75 at a k of 1.05 to 0.30 at a Κις of 6. This drop ος- 
curs because, with decreasing speed, a smaller pressure drop is required 
to pass the flow through the rotor. 

The degree of reaction curves obtained in earlier tests by Vavra (1) 
and Riley (3) are superimposed on the curve of Figure 27. Vavra states 
that the value of r at design Κις of 2.3 should be approximately 0.486, 
as compared with the value of 0.395 obtained by him and with Riley's value 
of 0.402. The current tests yielded a value of 0.440 at design keg? 
except for a clearance of 0.081 inch, for which the corresponding value 
of r was 0.434. This apparent increase in degree of reaction is due pri- 
marily to a more accurate determination of Р] than was used by either 
Vavra or Riley. Boshoven (&) relocated the shroud pressure taps, which 
measure the pressure P1» to a position axially outward in the annulus 
around the periphery of the shroud. This was done to reduce the effects 
of local perturbations on the pressure readings and greatly improved the 
uniformity of the pressure distribution around the shrouds. This im- 
provement in the accuracy of Р! yields a more accurate value of r since 
degree of reaction is directly dependent on Py: 

The degree of reaction remains lower than the design value because 
the guide vane exit area is too small to permit discharge of the design 
mass flow (1). 

Significant plots resulting from the overall turbine efficiency cal- 
culations are given in Figures 28 through 3l. Figure 28 depicts turbine 


efficiency as a function of referred speed for the case of no bearing 
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losses and a clearance of 0.081 inch. Figure 29 is a corresponding plot 
of efficiency versus head coefficient. Figures 30 and 31 represent these 
same respective parameters, also at a clearance of 0.081 inch, for the 
case where bearing losses are considered. 

Efficiency was found to be essentially independent of clearance over 
the range of clearances tested. Figures 28 through 31 are therefore rep- 
resentative of the results for all clearances between 0.015 and 0.081.inch. 

Values of turbine efficiency were obtained from measurements of the 
torque at the turbine shaft made with the air dynamometer and from the 
bearing loss values as determined from the results of coast-down tests 
conducted by Vavra (1). Because of the previously discussed problem of 
excessive bearing temperatures and seizing experienced during these tests, 
the bearing losses are probably greater than the maximum losses deter- 
mined by Vavra. However, since time did not permit a repetition of the 
coast-down tests, Vavra's equations for maximum bearing losses [Equa- 
tions (27) and (28)] were used. 

A comparison of Figures 28 and 29 and of Figures 30 and 31 shows 
the advantage derived from representing efficiency as a function of head 
coefficient instead of referred speed. Use of the head coefficient ef- 
fectively reduces a family of curves to a single curve. However, if the 
bearing losses are ignored, as in Figure 29, the resulting plot depends 
significantly on pressure ratio. In this figure only those curves rep- 
resenting the pressure ratios for maximum and minimum efficiencies are 
shown to avoid clutter. 

Figure 31 shows that the efficiencies are nearly independent of pres- 
sure ratio in the case where allowance is made for bearing losses. If 
these bearing losses were accurately known, it would appear that the in- 
fluence of pressure ratio would be completely eliminated from a plot of 


efficiency versus head coefficient. 
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In general, if bearing losses are not considered, a pressure ratio 
of 1.7 yields a maximum efficiency of 81.1 per cent at a Κις of 2.35 and 
an axial clearance of 0.015 inch. Minimum efficiencies are obtained for 
a pressure ratio of 1.2 and are in most cases 10 to 12 per cent lower 
than maximum efficiencies in the vicinity of the design Κις of За 
Vavra (1) reported a maximum efficiency of 81 per cent for the case of no 
bearing losses at a pressure ratio of 1.616, Κις of 2.37, and clearance 
of 0.062 inch. Riley (3) obtained a corresponding maximum efficiency of 
82.52 per cent at a Κις of 2.26, pressure ratio of 1.678, and clearance 
of 0.027 inch. 

For the case where bearing losses are taken into account, the maxi- 
mum efficiency, 7), , was found to be 84.6 per cent at a pressure ratio 
of 1.7, head coefficient of 2.28, and clearance of 0.081 inch. This 
compares favorably with the design efficiency of 85.5 per cent at a pres- 
sure ratio of 1.7 and head coefficient of 2.3, as given by Vavra (1). 
Riley (3) obtained a maximum efficiency of 86.04 per cent at a pressure 
ratio of 1.678, head coefficient of 2.259, and clearance of 0.027 inch, 
based on the maximum values of bearing losses. 

At minimum speed (maximum Κις) for a given pressure ratio and clear- 
ance, the efficiency in general is about 65 per cent. As speed is in- 
creased (k, decreased), the efficiency increases to a maximum of about 
84 per cent in the vicinity of a Κις ος 2.3 and then falls off rapidly 
to 30 to 40 per cent at a κ. of about 1.05. Initially, then, the ef- 
ficiency increases with speed because, by Equation (26), an increase in 
uy and decrease in W offset the decrease in torque, resulting in in- 
creased turbine work and efficiency. As speed is further increased, the 
decreasing torque begins to predominate, causing the efficiency curve to 


peak and then rapidly decrease. 
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It was expected that, as the clearance was varied over the range en- 
compassed by these tests, a "critical" clearance would be reached beyond 
which turbine efficiency would deteriorate rapidly. Riley (3) observed 
this to occur at a clearance of 0.052 inch. Such an occurrence was not 
observed in these tests over the range of clearances from 0.015 to 0.081 
inch. Thus, it appears that axial clearance has no appreciable effect 
on turbine efficiency over this range of clearances. 

It has been previously stated that Riley (3) was in all likelihood 
operating at a considerably greater clearance than he believed himself 
to be. This is substantiated to a degree by the fact that Vavra (1) did 
not experience this efficiency drop at a clearance of 0.062 inch. Since 
gaps also existed between the rotor and shrouds during Riley's tests, 
the blades would have left the wall boundary layer at a lesser axial 
clearance than in these tests where the blade and shroud contours were 
matched. Thus, it is reasonable to assume that the critical clearance 
is at some value greater than 0.081 inch. 

That such a drop in efficiency should occur as clearance is increased 
to some critical value is explained in part by Csanady (9). The rotating 
blades "scrape ир" the shroud boundary layer and produce vortices in the 
vicinity of the tips of the blades which, in turbines, tend to nullify 
the tip vortices themselves. At a particular tip clearance, then, these 
two vortices would neutralize each other, leaving only the passage vortex 
which causes secondary flow losses. This neutralization should produce 
a pronounced increase in efficiency at that clearance at which it occurs. 
For the subject turbine, it would appear that if this condition does 
exist, it occurs at a clearance less than 0.015 inch. 

The efficiency is essentially independent of clearance because, al- 


though the tip vortices become more predominant as clearance increases, 
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there is also a buildup of the boundary layer. This buildup maintains 

a reasonably even relative balance between the tip vortices and the 
"scraped ар" vortices. As clearance is extended beyond some critical 
value, however, the blades begin to operate near the edge of the wall 
boundary layer, and the countering vortíces quickly cease to be effec- 
tive in neutralizing the increasing tip vortices. The result is a pro- 
nounced increase in rotor loss and a corresponding decrease in turbine 
efficiency. It is also worthy of note that, for the test turbine, al- 
though the axial tip clearance is increased, the radial clearance between 
the shrouds and the rotor blades in the vicinity of the discharge remains 
essentially unchanged. 

The rotor velocity coefficient, ір ə İs plotted as a function of 
the head coefficient ín Figure 32, for the case where bearing losses are 
neglected. The clearance represented is 0.024 inch. Figures 33 through 
37 show the curves of V, versus EL with bearing losses considered, for 
each of the five clearances tested. Again, it may be seen that if bear- 
ing losses are ignored, there is considerably more variation of the 
curves with pressure ratio than ín the case where bearing losses are 
considered. 

The only variation in rotor velocity coefficient with axial clear- 
ance which can be established is that values of ¥ for a clearance of 
0.081 inch seem to be generally higher than for all other clearances. 
This variation is evident for both bearing loss cases, with values of 
W. being generally 10 to 15 per cent higher at a clearance of 0.081 
inch, Because of the negligible effect of axial clearance and the doubt- 
ful significance of the case where bearing losses are neglected, Figure 
32, for a clearance of 0.024 inch, is the only curve included for the 


case where bearing losses are not considered. 
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Figures 33 through 37 show that maximum values of V. do not always 
occur at the higher pressure ratios, although YW, is more nearly con- 
stant over the range of Κις values for the higher pressure ratios. 

At the design Κις of 2.3, a value for W. of 0.960 was produced at 
a pressure ratio of 1.2 and clearance of 0.081 inch. The maximum value 
of W was found to occur at the same pressure ratio and clearance and 
at a Κις of 3.35. Its value is 0.990. 

It can be seen from the curves for Y, given in Figures 33 through 
37 that V, remains relatively constant over a range of Κις between 
about 2.3 and the maximum value. As Κις is decreased below 2.3, Y. 
first decreases, with a minimum occurring at a К, of 1.7 Со 1.99 ШЕ 
then increases to a peak at a k of about 1.5, and falls off sharply 
as the head coefficient is further decreased. Examination of the tabu- 
lated performance data in Appendix B shows that the relative rotor inlet 
flow angle B. is positive at values of Κις greater than about 2.3, so 
that the relative flow strikes the pressure side of the blades. This 
produces the accompanying incidence losses, and further losses occur as 
the flow is turned through a relatively large angle to follow the flow 
channel. 

As U, is increased (k,, decreased), É, becomes negative, so that im- 
pingement of the flow on the blades acts opposite to the direction of ro- 
tation. The incidence losses are not significantly changed; however, the 
flow must now be turned by a considerably smaller amount in order to 
follow the flow channel. Thus, the resultant sum of these three losses 
appears to be less, and an increase in Y, occurs at a k of about 1.5. 
Below this point, as б, becomes increasingly negative, the relative flow 
becomes almost perpendicular to the blades. Thus, the advantage is lost, 


and the rotor efficiency deteriorates rapidly. 
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A plot of referred moment with bearing losses included, as a function 
of referred speed, is shown in Figure 38 for data obtained at a clearance 
of 0.081 inch. The values of the torque at zero speed resulting from the 
locked rotor tests are also shown. The effects of clearance on this para- 
meter were also found to be negligible over the range of clearances from 
0.015 to 0.081 inch, there being only slight random variations present in 
the resulting data. Therefore, Figure 38 is a representative plot for 
all clearances. 

As expected, the maximum moment of about 16.1 foot-pounds was found 
to occur at zero speed and at a pressure ratio of 1./. For the maximum 
speed of about 18,000 rpm, this pressure ratio yielded 6.3 foot-pounds 
for zero bearing losses and 6.8 foot-pounds for maximum bearing losses. 

The lowest pressure ratio, 1.2, consistently yielded the lowest values 

of moment. The moment curves of Vavra (1) and Riley (3) are almost 
identical to those obtained in these tests, except for the results obtained 
by Riley beyond the "critical" clearance. 

In general, the torque produced by the flow energy at a given pressure 
ratio is a maximum at zero speed and decreases with increasing turbine 
speed. This may be explained by the law of angular momentum, which, by 


reference to the velocity diagram of Figure 15, can be written as 


M= W Reo | Ce) fie Vee (63) 


For a given pressure ratio, Vul is nearly constant with speed, and the 
mass flow rate W decreases with increasing speed. From Figure 15, Va? 
also increases with speed. Thus, it is seen that the torque produced, 


M, decreases with increasing turbine speed. 
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After completion of the test runs previously described, an 
informal trial run was made at a clearance of 0.100 inch in an attempt 
to determine the critical clearance. Although not conclusive, the 
results indicated no significant change in the values of the perform- 
ance parameters. This implies that a reasonable overall efficiency may 
be maintained at clearances which might considerably exceed those tested 
in this analysis. Since these additional tests were not complete, the 


resulting data are not included in this report. 
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SECTION 5 
CONCLUSIONS AND RECOMMENDATIONS 


At a pressure ratio of 1.7, a clearance of 0.081 inch, and a head 
coefficient of 2.28, a maximum total-to-static overall efficiency of 84.6 
per cent was obtained for the case where bearing losses were considered. 
The efficiency, referred moment, and degree of reaction were found to be 
independent of clearance over the range of clearances between 0.015 and 
0.081 inch. A clearance tolerance of this sort is very important in 
small turbines and in turbines where thermal expansion must be considered. 
It is recommended that additional testing be performed in order to deter- 
mine the precise clearance beyond which turbine performance deteriorates. 
Tests might also be conducted in which the clearance at the rotor dis- 
charge is varied in addition to the tip clearance, although this would re- 
quire cutting the shrouds or the manufacture of additional shrouds with 
various annular openings. 

The results of this investigation show that computations based on 
flow conditions at the outer discharge radius are simpler and more 
straightforward than those obtained by referring the losses to a calcu- 
lated mass~-average radius, and that this simplicity does not compromise 
the quality of the results. On the contrary, a correlation of the rotor 
velocity coefficient is obtained by this method, whereas previous ef- 
forts to obtain meaningful loss parameters were not successful (7). 

There is strong evidence that the bearing loss data used in this 
investigation are no longer applicable. Correct data should be obtained 
either through new coast-down tests or through some implementation of 
the lubricating oil temperature differential across the bearings, as pre- 


viously described. The latter method would be highly preferable since it 
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would provide accurate loss information on a current basis and would cor- 
rectly reflect any change in the mechanical condition of the bearings. 
Successful implementation of such a method would probably be contingent 

on a complete redesigning of the test rig, so that the oil lines are 

routed outside of the discharge flow as much as possible and are thoroughly 
insulated, 

Since any inaccuracies in torque measurement introduce considerable 
error into the calculations as performed herein, additional effort is re- 
quired in order to determine how to properly compensate the torque capsule 
output for thermal effects. An alternative solution would be to utilize 
a force (reluctance) capsule and a moment arm arrangement. This capsule 
could be remotely located and shielded so as to be free of the effects 
of the dynamometer bearing heat and the cold turbine discharge air. 

It is recommended that the modifications described by Vavra (1) be 
performed in order to improve the component matching of the turbine and 
that further tests be carried out in order to determine the effects of 
these modifications on the performance parameters. Specifically, the 
enlarging of the guide vane discharge area or the reduction of the rotor 
discharge area would ultimately increase the relative rotor discharge 


velocity W,, which would reduce the peripheral velocity У 127 Greater 


2 
turbine work, and thus higher efficiencies, should result. 

It is felt that the turbine test rig is now in much better operating 
condition than for any previous tests. The instrumentation has been proven; 
and, for the first time, the axial clearances may be accurately set. 


Accordingly, further testing to verify and expand on the performance para- 


meters obtained in this investigation is recommended, 
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FIGURE 10 
REMOTE CONTROL FOR FLOW REGULATION, 


VORTEC REMOTE THROTTLE CONTROL, 
AND DAYTRONIC STRAIN GAGE DIGITAL INDICATOR 
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FIGURE 14 
TEMPERATURE-ENTROPY DIAGRAM FOR RADIAL TURBINE 
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FIGURE 15 
VELOCITY DIAGRAMS FOR RADIAL TURBINE 
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FIGURE 16 
VELOCITY COEFFICIENT VS. MACH NUMBER 
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FIGURE 17 
ABSOLUTE ROTOR INLET FLOW ANGLE VS. MACH NUMBER 
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FIGURE 18 
VELOCITY COEFFICIENT VS. MACH NUMBER 
FROM DERIVED EQUATION 
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FIGURE 19 
ABSOLUTE ROTOR INLET FLOW ANGLE VS. MACH NUMBER 
FROM DERIVED EQUATION 
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FIGURE 22 
ELECTRONIC SPEED COUNTER 
AND VIBRATION ANALYZER 
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APPENDIX À 
PROGRAM SCROLL 


Program SCROLL computes the losses in the scroll and guide vanes and 
the absolute rotor inlet flow angle from torque, mass flow rate, pressure, 
and temperature data obtained in the dummy rotor tests The program is 
essentially that used by Riley (3) and by Boshoven (4), with several 
changes as specified below. It can process any number of runs, with a 
maximum of ten sets of data per run. Á listing of program SCROLL 15 
given in Table Al. The input and output values which constitute the 


results of the eight sets of dummy rotor test data obtained are pre- 


sented in Tables A2 through 49. 


Al Main Program 


The value of the specific gravity of mercury, G at room tempera- 


hg’ 


ture Күт? was determined from 


Gig Ξ 1563905 - (1.36303 x10?) Τε, (A1) 


for temperatures between 32°F and 113°F. The factor for converting 


іа Но ы 
Ca = 70.438824 ( Ghg /13-54 ) (A2) 
The value of the specific gravity of water at room temperature is 
Gmo = 0.998063 + (1.060516 хю*)Ёш - (1.593186 69) (43) 


The specific gravity relations were obtained from the tabulated data of 
Reference 10.. These equations are slightly different from those used 


previously. 
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A2 Subroutine TEMP 

The relations for the evaluation of the temperatures in this sub- 
routine from the thermocouple readings in millivolts are different from 
those previously used because of the substitution of iron-constantan 
thermocouples for the chromel-alumel type. Thus, for iron-constantan 
thermocouples producing a millivolt output V, and using a cold junction 


reference temperature, Lege the temperature relations are 


T= tej + 0144 + 36.77 V- 0.4518 V? (A4) 


for р < |00°F 


L= tej + 1252 + 34.86 V – 0.1855 V* (A5) 


for lOO^F«t « 200*F 
Equations (À4) and (A5) were obtained from data tabulated in Reference 


Tl. 


A3 Subroutine FLOW 

The evaluation of the flow rate using the measured data from the 
particular flow orifices employed in the radial turbine test setup was 
carried out in accordance with a method developed originally by Vavra (1), 
after the techniques given by Stearns, et al. (5). The values thus deter- 
mined by Vavra applied to a sharp-edged orifice of 2.800 inches diameter. 
Before this series of tests was begun, the flow orifice diameter was 
measured and found to be 2.7965 inches, Additionally, the conversion 
factors and the value of the specific gravity of mercury used herein are 
slightly different than those previously used, the latter being 13.54 vice 


13.59, The equations given below are thus those of Vavra (1), with these 
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modifications introduced. Computations were made for the vena contracta 
taps only, although flange tap data were available, because these data 
give a more accurate flow rate (1). 


The relation for the flow rate is 


т Рус A 
W = c= V, Fr ve alive (A6) 
Ta 
where: 
C - factor dependent on orifice diameter, type of pressure 
taps, and dimensional units 
ος - area multiplier to account for thermal expansion of 
orifice 
Yi - factor which accounts for compressibility effects 
F - Reynolds number correction factor 
r 
Piye - absolute pressure at upstream tap 
à hiuc - pressure differential across orifice 
T, - temperature ahead of orifice 


For vena contracta taps, C = 0.9057. 


For a stainless steel orifice: 


аш" Жы ж I Tar baa) (A7) 





NS - B (A8) 
Also, 

та = ГО -—— (A9) 
where 

Χ'.-.. υωθῴδι i (A10) 


Z = 494 (2.4107) (T. - 559.69) (A11) 


where Equation (All) is valid for air between 50°F and 300°F. 
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The resulting flow rate equation used herein is then given by 


W = 2.2854 œ Y, Fe / 05. (А12) 
ц 


where: W is in lb /sec 
Рус АВ) ус are in in. Hg. 


о 9 o 
Т, is in R 


and where c , Yi and Е, are as given previously. 


A4 Subroutine PRESS 

It has been previously mentioned that a regulated reference pressure 
was used on the 96-inch water manometer board. This pressure must there- 
fore be accounted for in computing P1» the absolute static pressure at 


the rotor inlet. This is done in the equation 


Е 
i + 
where the quantity (Poe H егі) represents the total reference pressure 


applied to the manometer reservoir. 


A5 Method of Assembly of Input Data 

The items of input data necessary in performing computations with 
program SCROLL are given below in the order in which they must appear 
on the data cards. Specific formats for the numerical entries are given 


in the program listing. 


Card No. FORTRAN Description 
1 NRUNS Number of runs (clearances) to be processed 
2 NPTS Number of points (pressure ratios) in run 
3 DPVC Measured pressure differential across flow 


orifice, from vena contracta taps (in. Hg) 
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Card No. FORTRAN Description 
PUVC Measured pressure upstream of flow measuring 
orifice, from vena contracta taps (in. Hg 
gage) 
Por Measured static pressure at turbine inlet 
(in. Hg gage) 
PATM Barometric pressure (in. Hg) 
HREF 1 Measured reference pressure applied to н,0 
manometer board (in. Hg gage) 
Hl Average static pressure ahead of rotor 
(in. H,O gage) 
SR Torque scale reading (1Ъ.) 
TRM Control room temperature (°F) 
V4 Thermocouple reading ahead of orifice (mv.) 
V5 Thermocouple reading at turbine inlet (mv.) 
4 TCJ Cold junction temperature (°F) 
STARE Torque scale tare (1b.) 
Bl Perpendicular distance between shroud inner 


extremities (in.) 


Cards 3 and 4 comprise the input data for one test point and are 


repeated for a total of NPTS test points for each run. Each new run 


begins with card 2. 
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LISTING OF PROGRAM SCROLL 
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APPENDIX B 
PROGRAM RADIAL 


Program RADIAL computes the referred flow rate, head coefficient, 
degree of reaction, relative and absolute rotor inlet flow angles, velocity 
and loss coefficients for the scroll and guide vanes, referred moment, 
absolute discharge flow angle, velocity and loss coefficients for the rotor, 
and efficiencies from the torque, speed, mass flow rate, and the pressure 
and temperature data obtained during the active rotor tests. The calcula- 
tion technique generally follows that given in the theory of Section 4.3. 
It can process any number of clearances (sets) and any number of pressure 
ratios (runs) per clearance with a maximum of ten different speed settings 
(points) per run. A listing of program RADIAL is given in Table Bl. 

In program RADIAL, use was made of temporary memory disc storage of 
the input data in order to avoid the awkward procedure of subscripting the 
input variables. This procedure permits the processing and printing of 
the input data on a point-by-point basis and the presentation of the results 
in a compact, tabular form. Appropriate comments appear in the main pro- 
gram at the points where this procedure was used. The additional control 
cards required to implement this technique and to obtain necessary addi- 
tional memory core storage space are shown in Table B2. As the table indi- 
cates, these cards are inserted just ahead of the data cards in the as- 
sembled deck. 

The torque calibration data used for all runs are given in Table B3. 
The input and output values resulting from the five sets of test data are 


presented in Tables B4 through B13. 
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Bl Subroutines TEMP and FLOW 

These subroutines perform the same functions as in program SCROLL, 
namely those of obtaining temperatures from the thermocouple readings and 
calculating mass flow rate, respectively. Subroutine TEMP has been ex- 
panded to include calculation of the temperatures of the bearing lubricat- 
ing oil at the inlet and at the discharge of each bearing. However for 
reasons discussed in Section 4, these values were not used in this experi- 


ment. 


B2 Subroutine PRESS 

Subroutine PRESS establishes the total-to-static pressure ratios 
across the scroll and guide vanes (Po / 04) and across the turbine (Р о! 
P3) and the ratio р/р): An iteration process is necessary in order to 
determine an average value of the total pressure at the turbine inlet, 
Р . Three relations are used to accomplish this, these being the gas 


to 


law, 


A WI (1) 


the continuity equation, 
(B2) 


and the energy equation, 


T = 
M Τετ... (B3) 
To | Г 24 Тер 


where A. is the area of the five-inch inlet pipe and C, is the specific 


5 


heat of air at the temperature T o° Using 10 as a first approximation 


P 


of Po: an initial value of V. is found, and from this, by Equation (B3), 


0 


a new value of To: The iteration continues until a difference of 0.01 


120 


degrees or less exists between any two successive values of T.. Since 


0 
velocities are low, the total pressure ΡΟ is then obtained from 
2. 
pou Cv (BA) 
à Cf 


B3 Subroutine EDC 
This subroutine computes the mean values of У апа Ср based on the 
arithmetic mean of total turbine inlet and static isentropic discharge 


temperatures, From Reference 3, the variations of Y and a with tempera- 


ture are 
ЕСЕ ах (BS) 


Ср = 0.23943 + (3.4 ко) Е + (211078) t* (86) 


These relations were originally obtained from data tabulated in Refer- 
ence 12 and are valid from approximately 40°F to 170°F. 


The values of Шы апа С correspond to the average tempera- 


P(avg) 


ture through the turbine based on an isentropic expansion, This average 


temperature, t, is given by 


t = (Tt. - 459.09) – So (B7) 
where 
y-i 
mi. e Jü De в ИР) F | (B8) 


Using an iteration process, the first approximation of oTi. is based on 
a value of Y corresponding to Т.о. The value of t resulting from Equa- 
tion (B6) is compared with the previous value of t in each iteration 


until the difference between any two successive values of t is less than 
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1.0°. Using the final value of t, values of Y and AT 


avg? с (ауа)? is 


are computed from Equations (B5), (B6), and (B8), respectively. The 


reference parameter 9, given by 


© = (Yay/14) (Ts/ 518.7) (89) 


is also computed in this subroutine. 
The subscript indicating the average values of Y and Ср will be 
dropped in subsequent discussions. The average values of these quanti- 


ties are assumed in the remainder of the program unless otherwise stated. 


Bá Subroutines TORQ and DYNA 

These subroutines compute the net torque produced by the turbine by 
evaluating the bearing friction moment and the torque measured by the 
dynamometer. 

In subroutine TORQ, the bearing friction moment is evaluated from 
turbine rpm by Equations (27), (28), and (29). The net moment is calcu- 
lated by Equation (30), where the dynamometer torque output is found in 
subroutine DYNA, called from subroutine TORQ. 

Subroutine DYNA determines the torque from the dynamometer calibra- 
tion data obtained for each run. These data are tabulated in Table B3 
for all runs. 

The values of the torque calibration data constitute a one-dimensional 
array with five elements, representing the torque scale reading for loads 
of zero to 400 inch-pounds, respectively, taken at 100 inch-pound intervals. 
Thus, TCD(1) represents the torque scale readout value for the no load 
condition. Using a DO loop with index I, the torque indicator reading 
for the test point being processed, TQ, is compared with the values of 


TCD(I) to determine the interval (I, I+1) within which TQ lies. Since 
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the calibration curve data are very nearly linear, the torque is computed 
assuming a straight line approximation between TCD(I) and TCD(I-1), by 
the equation 


- _ TQ - TCD(I) 10 
mAaL wu TCD (I*1)-— TCD (I) ais. 


This procedure was adapted from that used by Riley (3). 


B5 Subroutine TURB 

The turbine performance parameters described in Section 4 are cal- 
culated by subroutine TURB in a manner which follows the theory previously 
given. No iterations are involved, and the equations used are self- 
explanatory. Therefore, the steps will not be discussed here. The veloc- 
ity coefficient, ф , and the absolute rotor inlet flow angle, ос» аге 


provided from subroutine PHIAL, for which TURB is the calling subroutine. 


B6 Subroutine PHIAL 

This subroutine calculates the values of @, o,» V, and ον 
from the results of program SCROLL. The values of Y and Ср used are 
based on the total inlet temperature, rather than the average tempera- 
ture as computed in subroutine EDC, because the values of é and > 
obtained in program SCROLL were computed in this manner. 

The values of $ and afi are obtained from Equations (13) and (14), 
for which the entering arguments are CLNC, the axial clearance, and ACH1, 


1 1 


at this point in the computations, they must be obtained by iteration. 


or М,» the Mach number at the rotor inlet. Since V. and T. are not known 


An initial value of Vi is obtained from Equation (4) by assuming ф = 1,0, 


and initial values of T. and M. are obtained from Equations (35) апа (36), 


1 1 
respectively. Using this value of Μι, called ACHIA, and CLNC, a value of 
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Ø, called PHIA, is obtained from Equation (13). The assumed value of 0 
is reduced in increments of 0.001 until succeeding values of Ø and 0, 


differ by no more than 0.001. Thus, values of V , and @ are estab- 


1” E 
lished, and ex is then computed from Equation (14). The loss coeffi- 
cient for the scroll and guide vanes, ον) is then obtained from Equation 


(4-2 


В7 Subroutine REFER 
This subroutine computes the referred speed, referred flow rate, 
and referred moment in accordance with Equations (60), (61), and (62), 


respectively. 


B8 Method of Assembly of Input Data 

In order to facilitate future use of program RADIAL, the order of 
assembly of the input data cards is given. The actual formats for the 
numerical entries may be obtained directly from the program listing. 
All items of data are given in the order in which they must appear on the 


data cards. For convenience, the symbols are redefined. 


Card No. FORTRAN Description 


1 NSETS Number of sets of data (clearances to be 
processed 

2 CLNC Clearance for set 

3 NRUNS Number of runs (pressure ratios) in data set 

4 TCD Torque calibration data for run 


(5 values). 


5 NPTS Number of data points (speeds) in run 
6 RPM Measured turbine speed (rpm) 
TQ Torque indicator reading (counts) 
PUVC Measured pressure upstream of flow measuring 


orifice, from vena contracta taps (in. Hg gage) 
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Card No, FORTRAN Description 


P5P Measured static pressure at turbine inlet 
(in. Hg gage) 


H1 Average static pressure ahead of rotor 
(in н,0 gage) 


DPVC Measured pressure differential across flow 
orifice, from vena contracta taps (in. Hg) 


PATM Barometric pressure (in. Hg) 


HREF 1 Measured reference pressure applied to water 
manometer board (in. Hg gage) 


V4 Thermocouple reading ahead of orifice (mv.) 

V5 Thermocouple reading at turbine inlet (mv.) 
7 V20 Thermocouple reading at lube oil inlet (mv.) 

V21 Thermocouple reading at lube oil discharge 


from right bearing (mv.) 


V22 Thermocouple reading at lub oil discharge 
from left bearing (mv.) 


TRM Control room temperature (°F) 
TCJ Cold junction temperature (°F) 
Cards 6 and 7 comprise the input data for one test point and are 
repeated for a total of NPTS test points for each run. Each new run 


begins with card 4, and each new set begins with card 2. 
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END 


/* 

//G0.FTO6F001 DD SYSOUT=A,SPACE=(CYL,(15,1)) 

//GÓ.FTO8FO01 DD UNIT=SYSDA,SPACE=(TRK,(2,1)), * 
// DCB=(RECFM=V , LRECL=500 , BLKSIZE=504) 


//GO.SYSIN DD* 


т 


1 7 16 COLUMN 72 


TABLE B2 
ADDITIONAL CONTROL CARDS REQUIRED FOR PROGRAM RADIAL 
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TABLE B3 


TORQUE CALIBRATION DATA 





SET CLEARANCE RUNS APPLIED TORQUE (IN-LB) 





(IN) 0 100 200 300 400 
1-4 DE 261. 518. 768. 1013. 
1 0.081 
5-6, 
NOSPD 1 ДЕ 255. 510. 762. 1009. 
1-3 0. 255; 511. 760. 1007. 
2 0.061 
4-6, 
NOSPD 2 $c 259. 514. 762. 1007. 
1-3 0. 257. 511. 760. 1007. 
3 0.041 
4-6, 
NOSPD 3 0. 2979 510. 759. 1004. 
1-3 0. 256. 510. 760. 1006. 
4 0.024 
4-6, 
NOSPD 4 I6 259. 519; 762. 1007. 
l-4 0. 255. DIETS 760. 1008. 
5 0.015 
5-6, 
NOSPD 5 -2. 255. 510. 759. 1004. 
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EVALUATION OF {СО RADIAL TUPRINE 


PERFORMANCE 


= ὙΠΓΩῚ ΠΝ. 


С! ЕАВАМСЕ 


INPUT DATA 


TABLE B4 


TC J 
ВЕС Е 


ТЕМ 
DEG 


N> 
>> 


V5 
му 


> 


HREFI 
IN, HG 


PATM 
IN. HG 


Hl DP VC 
IN. HG 


IN. H20 


рор 


IN. HG 


RPM 


RUN/PT 


q 4 ¢ 


> 


CN CN CN 


ск 
CLC) en 


асу. г 


οσοι : 
м мма о 


С Ссс. 


C C CICH 


(Cum C C 


τς 


лес 
+ ¿O CG tN 
CN C. c6 c^ ee 
e o 9*9 э 9 
4 ede — — 


CHUNG are 
ое оо с 
en eo c c c6 
e O +% ò € 
—— td 


C = (YC O 
+ C = CO ο 
cv O + m en 
9494 9 9 o 
IN OMA cA 


цчил- OO 
^ Ошм 
ооо 9 
eo r-uw 
QI «f us 


NOOO 
с^ 
9ϕ 9 6 ο 0 
U^ UU uw un 


© о гг © 
С М еМ е 
ebbe o 
С со 0 М 


° оа ө ө 
IN OP Inn 
CO 4x CC «O0 CN 
104 


° ө ө ө е 
οσο ος) 
LN 008 
0 o r- m 
Ш Р С СС 

і 


ANATA 


————À 


е-е 
ССС СС 
(eo donum, 


r СГС“! 


uuu voc 
eo X: x O CO OD 


αι сэ 
ee. - 


С (29 Өлү а 


сс с сл 


Сесе 


eC eC 
NM TOS 
ene m eme m 
9ε 9 9 9 φ 
Ll en Lom үс Lm d nd 


Cw cuu 
соо осо сс: 
ССС со + + 


° o $ 9 ò o 
F = e r == = 


SQ GGG ic: 


Bol aoc 


масс r C (Ñ 
С СО і СС СС 
Сс! © + сс О 
ос 98 989 


FINACA ч 


с „+00 СО ССО 
ессе С; сс сч 
° е $ o 9 06 
TOONOM 
MT ror ec 


NON Oh ч 
m cc cO O` OU: 


Φ 9 9 o o o 
с аа со сс с. 


М С GO =, 
(c0 uYO^ COO 
° ө ө ө es 


ONN Со 
m MÀ rm rm 


9909 9 9 в 
COO e CU 
Р соо се = enn 
(N (N= ==4 


° ө ө ө ө ө 

QOOOOO 
ч оссе) 
ο οο ο ου 
t- Q^ ecu о, 
i рані р) г 


SNM TINO 


NNNNNN 


wt wv Ct 


ο ο οι ον 
Cien eem. 


сў Час с 


r-r 
coa O cn cO 


ССС 


e èt & @ 
CECE 


у Су 


C 


yc e. 


3 


еее 
p r - 


QUEE C 


C urus Ca uN 
e exeo exe 
CAMA CIM 
ә ә ев е е 
gm e e ved 


гис 
осо 
TANCES MOST 
9 9 o o @ 
ASS Hie 


+ ung mnr 
qa ene ene 
е ә ο ο 
“есет 

“N (N 


ил © 
ггг о 
99 9 49 o 
(7% өтей өзе Hie 
m qud ud ei ed 


ο ο Οι 
Ue O O rn 
ооо о о 
коо 
өтті өс өй өсе өсі 


ооо ео 
OP AAI 
NOW 
MAN ee 


999989 
οσο. 
з се 
m m MO 
DON yo 

ч і 


теста 


ene e ey en 


C С 


NANON 
MAANEN 


-υ GC 


= 


àY 


82 
85. 
ас 
BS 
8 


1 


Ce Ca 


е à 9 ' » 
ее 


сс, сл 
DE OCG: 


OC O O O 
OC OCO OO 
e o $ ου 
οσο ος 
e c6 en en en 


HO TOM 
СО 440 
Cu 0 enc 
е ө есе 


юги 


(Oc eur 
mo C Ost 
отоо в 
- CC CC <+ O` 
ee 7 O0 


f-— у СО „ч 
r-r co 
994 49 6 
ч 
іі om v 


CIO T e) 
|D (NO O + 
99 99 4 
тете СЭСО 
ο ο ο ασ 


° ө ө ө ө 
moons 
MONN 
TOMA A 


999 9 
ооооо 
NOOO 
f^ ee en e 
Q^ e cut 

vd o o o 


ANMA 


ΣΝ 


138 


(2t CC Gay 
Ф . a . < ч 


© ¿ue C C Ce} 


Cie Se ee 


c c c c 


GE С 
з е ә ә $ e 


C C Am C te 


е сис. 7 
мсм ооз 
$ гб со еб cc. 0 
«5549» 5 
aH AS ae = 


ши с. 
|D Gl OF O 
ONLANN 
ее ев е е 
m) = 4 —4 — = тей 


WO OO Чеч О 
= CO O C. (N.O 
э ә е е 9 ο 
Ў Сеч со со М 
== = = 


CON SOM 
00 00 f- 0 
949 9949 ә € 
r 
= =l c—i — ==ú I 


Wm TiO 
D ne OCOY 
999 9 9 в 
Uu Uu «reo 
ме C904 04 


° ө ө ө ө е 
OP AMO 
OVA Ot 
Wr remea 


° өө ө ө ө 
оооооо 
MDMONOW 
1 с. Ссс 
ς) (NN OF 
mi pi i oi mi і 


FNM TOO 


LOLA LALA UA UN 


Ce Cte Gt 
NNNSNN 
eec 00 00 e e 


^^ 
í 
^ 
3 


f == 


7 
87. 


87 3 
87.3 


m~ 
eo 


87 
8 


OGG Gere 
° 


. ` Ф 5 * 
CC CO C C C 


сес сос. 
ccceoc 


ο ος ο G 
е a 9 о & . 


ее 


C cw wc c 
ODOT mN 
C0 09 09 090 en 
e è> $ o 9 9 
=ч md eet 4 4 


ωω μις ο C 
NNO $00 
ux uA VA UA UA (r. 

.ебфФеее 
і ра рф р ре р 


€^ CO {— Cg 
«7 en en e e e 
ә е ве е ә ә 


WN Or a om 


М М М М М Р 
MmOOOCO 
9999 9 е 
Οσο ος» 
£600 00 e e en 


СОС (mew 
NONNMA 
em] cec 
@ @ 99 9 ο 
С СС Р] 


(oou co o 
LIN Ms 
99 9 9 4 
сос) 

ed om o e o 


WMO HO O 
WNW OO O 
ечеее ө 5 
CO COCO O 
ο οσο 


оче осе 
омо чои 
ееееее 
O O` O C CO CO 
Cn cx eq Сысы сы 


° ө ө ө ө ө 
ои соо С O 
Q^ e00 οϱο 
uus sro 


v.e e 9 o9 9 
ососоо 
WONMAM 
с С) OO 
соет Wf со 
SSA a ae 


eC 050 X О 


O00 400-0 


ТИРАТМЕ 


ТСО ВАПТА{ 


ОҒ 


РЕНВЕОЕМАМСҒ EVALUATICN 


p. 


gui] 


ΓΕΠΊΓΕ 


ПИТРИТ DATA 


TABLE B5 


NASA METHOD, 
TEMPERATURE 


X 
ANL 
Zu = 
«ἴα e 
= O x 


к=со 
ο μυ) 
= tC 
С в Р 
ш @ 
62.790 


Date 
Cre 


c v ll 


(Г<<Е< 


MAXIMUM ΒΕΑΡΙΝΟ 


LOSSES 


NO BEARING 


Ц). 
ato 
Or Ww 
zuc 
«10 


Z JO 


u ux 
шиа. 
oc o. a 


(Зе a 
Lit 
оч 
o. x 


RUN/PT 


чт сь «ә ӨБ чш» ЕШ» s s “s G G s s G G s G x «ο x. G G s s ЕШ» Ob Ob Gk GÈ ab Gh Gb Gb Gh GÈ Gb Gh Gh Gh G> еш» Gb әлә «ж» «ж» еш» «ж» «и» «к» G x == ЧӘР s s жш» ЧЫР cue GE x ЧӘР aa GÈ «ше «ша «ше «же «ше «ше «лс «же «к. «ше «ж» «жа «ше «ме «ле «ж. ew “ЫР «ж» «жә == чш ЧЫР «πὶ GB Gum == aa aa «παρ (παω == шр ©з сыз сыр ЧЫР ЧЕР == =з «ж» аш» ош» «ша «м» аш» < x ED Oe ew wwe ees — — — — — — = — 


Ж аи сг 
COMANN 
ANNAN 
а e 9 9 9 


ne Ome 


С, Ὁ σ- ο 
Cocar 
mat CO CO 
е ө 90 ө ө 
Bae CG 


amos + 
Ceo uw rem 
v o 9 е e 
MOS we — 
πιο сс 

111 


ο ιο 
umon 
еестее 
oat ot od 4 s= 
cO cO cO CO cO 


Q^ u^ e00«0 
ο”, ο 
NEN FINO 
ооо ө 
ωο οοΟο 


WOON OO 
~ О 00-4 © 
OMOT r 
999499 
V (ry 4 e m 


ed OMNO 
AS OOM 
Omr ous 
оо 9 ее 


QO OQCOO 


Φ 99 99 
ROM Or 
ux OO" Om 
NAFTNO 
AMA O κο 

vm ed 


Q-OoO0Q 
C.O OOO 
NANNAN 
9.9 e 9 € 
mE 


ANIM pus 


eal el 0 


aT 
от 4G 
EL E? 44 


δρ eee 


е? лс 
= σε 
Ее 

E- 


^ 2]5 
КАЕ 

BE ^ 126 
ат 
E og 


. . 


. 


- 829 
о2о 
45.91 7.93? 


ER. C6 Ce 7OR 
πο «6655 


1] οι 
ο. 15 


алаа 


ae Oe 
соо uc 
9 9 49 о © 
MOTO OP 
Ορ σοι 


+ uN + ++ 
4 omo cnm 
С^ д сл СОО: 
ее еее 


ος οσους 


tr cuu reo 
r cA e ms tn 
cm OOS (N 

ее - 4 9. 


C XC. c Ct 


C CN.O = OM 
м. Ое. ео 
99 $^" 6 a © 
NM OC A 
ANAM Oa 


смео Зм 
TOT AO 
Фо 0 o е ө 


Ou dlc 


CUu C P- 00 Uu 
QOO OC c0 
e— vC CJ 4 C4 
е е е еее 


ος « οος, 


сю Сс С 
ococac 
en ao cc ac eo oc 
° ө ө ө ө o 
Ge Ge mG 


ШС Р πο 

KOU OW 

99 9 @ @ 9 

— CO $ eo C 
I 


Orm rN aC 
cO cD cO cO €O cO 
Φ 99 9 9 Φ 
A mA eA e e 
cO cO cO cO CD CO 


босс С мМ 
Qu Jes e 
(oec мог 
е ө @ ө ө ө 


ecoocooo 


к сМ Ми «Ф 
πο σοι 
SQ 0000 0C 
ооо ө 9 
UA (r d e em e 


осш О ώ 
ФС ешим 
ос С см © 
999 999 
ποο ο 


e° ° ө ө ө 
Wr DONG 
Q CO; UN O. 
Ao со со Р CO 
«000 O (e «f us 

= m е4 і 


О С «ч СХ СХ 
© Ссс соб о 
€ e eo e eC 
999 Φ 9 о 
=== =: = = 


— © 07 UO 


οσο οσο (CN 


оо ө е 0 
СЕ УОС 


Coe οσα 
Сысы} О сс 
8 99 9 2 
P= FOND SF 
AMD OP 
I 


cu чил с 
cem mno 
© e° @ @ ° 


осе? е 


MANC 
сосооО O. O 
өтті aum o em NJ 
ооо о о 


CO OOO 


FOC ON 
CcCCOQCO 
сосоо 
э ө о ө ө 


сс О сс» 


++ rn O" VA CN 
Сс ОСЧ 

е ө © ө ө 
OC uN + 
m~ O (N uni r 


= CO O` =(N 
PPP cO CO 
° ө ө ө o 
md emt md ot 
Go co CO cO ca 


Doe «Q0 
O += U. 
MOT UV 
ооо о 


ооооо 


Toon 
οσο» ο 
(Ὢ ΣΕ 
“4%. ө 
NON і 


Dru + 
со с.о со 
со O O" ο 
φ 9 999 
444 C C2 


ә еәее 
xO Or + 
Go CO uen 
с с со шм 
ега 

ed end n 


оос С 
O OCO O 
TIMMA 


ооо о ө 
e eA mA eA eA 


eO sr UN 


MOM EN 


139 


я 2, 


P? 96 
τε 
ra 


B^ 


~ 
< 


& 7? 
RNC 
р 
¿ T? 


- 


“ 
C. u C 
ο ο ο, ο — 


сс се. 


au oO 
Or- cg: 
ocra o 
Фе е ө ө 


COC MOD 


OQ «f CJu^ 0D 

ЦАР 60,-4 0.) 
ееее * 

CC e oC 

б (азы 
| 


mr, co (N +$ rc 
«ΟΦ OC LA 


mor’: 
seo HUmNOP- 
I 


ANO mO: 
mno -O + c 
е ө ° ө ө 


C^ cc Cw M 


SOOO (nou 
Мм со сс С 
e eA rmn eA 
° ө ө ө ө 


Cocco 


СОТ гі 
ососо 
oo coco 
оо ооо 


ооосо 


Oth Om 

teat or 

е ө ө? е 

CONOR, 

Ге 
I 


NFO e 
D 
999989 
— rid m 4 
CO cO cO CO O 


en en e «o 
em U^ «0 
€ en $ + u 
Φ 9999 
ΟΟΟΟΟ 


cO 0с 
О ФО ч 
GOD (N GPS 3 
ә е ә өе 
ОСЧ ечи 


OTTO 
Qo edo 
Cue 7400s 
ооо ө 
= = =) =4 > 


99999 
NONNO 
OONO 
“OOW 
Οι Ωω ο 

e e e 1 


соооо 
соосо 
ST LAW IAN 
° ө ө ө ө 
eA tes 1 


ANON SIN 


rors 


сч. Ме Сы 
mes MOOD 2 


{+ Ye tiem. L 
a а.а 


u +... 
NALI QA 
NOTA AOS 


" ο 
ιο ο ασ Ὁ 


O: un οσο 
гном 
en oo a cO G 
Φ ο е е ө ө 


ес 


сс OAK c. 

цң % ө Ө - @ 
eA e 0000 UNUun 
Me SO FU 
| 


о 
ec 
V 


m 


с. 
о 
° 


о 


ατα 
8.88 
6. 74% 
5,94 


ce or 
c OnT 
999 9 


CONO 
r RRR 


ec uS r- € v0 
сео юс ~ 
mis tues 
э 9 рд ο 


сооооо 


O I C, UA O O 
r usr sy CO tN 
m 
ее еее 


сое 


М Сее СУ CO 
Creo ou «o 
е е ө е ө ө 
ec СО 
ғә OO 
I 


[коме 
MOT TOL 
e @ ° e 9 o 
CO x = Dun 
gud 


95 


< 
“ 
° 


4. 


L (N UA CO (N U" 
Р М М-М со со 
web өті He =— 
*.999 0 


ος ος) 


eC, OO P= «4$ 0n 
aac CCC 
οσσσοσ 
w* 99 99 ө 
свсСсессоо 


ο ο Οσο) 
OO O + O" (N 
Φ 99 6 ο 9 
O^ e^ 00 e CJ C4 
O O $ =+ О 

$ ей 


OO = +f .O CO 
OOP ~ м 
9999 99 
| 
cO cO O O OO 


ЊО с Ом сч 
e (e f 0 СО СЧ 
en en en «d TU 
° ө ө ө ө е 


оооооо 


TOSFOON 
ММ а ч 
= O ÇO (03 00 NO 
Φ 99 9 ө ә 
TONN чем 


О О М =4 CO 
DMD OWL е зір- 
NN rie O 
Ψ 9.99 o9 
σσ σσ =) 


949 99 9 9 
Y AUNT 
Que ore 
e OI — O O 
C^ eAC d uS PI 

100 eei 


осоо соо со 
e eioi Oo: OO 
UA UA UA UA UA O 
° оо ө ө ө 
= =, = == 


`= (N 00 т имо 


LA LIN LAL UN uy 


use rc : 
паи т 
+< CN с 
к-ассоғ- 


сече е Со С 


Oot pec 


и с! Cor 
юс оС усу 
cO cO CO cO cO CO 
949 9 @ ө ө 
ССС. СС) 


T —wuOog c 
счи oc + 
*« @ 9 э эе a 
OMNE OY 
Сә | mJ MU: 
I 


COMMAS 
OM OU FU 
o.e ө е ө ө 
“с.с оро 
e e 


Wome ce: 
€ cC US 
еебеееш 
мос См 
r m 


OOTTE 
ασο ο 
поч 


959 ө өе ~ 


сос Оссо 


CJeaCJoo C^ «$ 
OONN a 
М-М МР М ММ 
ооо ое е 


C C C CO C 


= C CO АЛ 
|O O. C ос с 
° @ © ө ө ө 
и.о СУ 
С O 
! 


Сс О? + 
(N= (N MAC UO 
949 ° @ @ ° 
чо С сог 40 
=> 


BO et СО ч 
о омм М с 
c e eA e e 
* ө © ө ө ө 
COo CC OO 


MAON e0^ P- un 
eem cC OC 
Сс СОО О 
° ө Фо ә ө 
CcooOoonpo 


4и ССС ОС 


OMAN O- 
оооо о о 
qo costo 05 
OOF STO 

For 


enu 00 e T «o 
мю «00м мМ 
°. °. ә ее 
a=! SS = a =" 
ÇO cO сое O O 


ώΟσοσοο 
CU 00 e 0^ CJ 
MNOS TU 
eeeeee 
сооооо 


ωσοο +T + 
U^ «f CV Ou, 
Е (ÀN CO 0 
* 9.9099 
σοο σα 


ου OMFNO 
O^ 45e o Осо 
NANN e m eA 
999 9 9 φ 
bem emi cd end 


9999 9 9 
NOOO 
OP Oras 
e cem 
сезеди «О М 
c ed em e өз өзі 


CO cO CO O O CO 
Сс О ОСО 
xO QO O OP O 
Феәеее 
M s d е-е od od 


KANO FINO 


0000 40-0 


PERFORMANCE EVALUATION OF ICP RADIAL TUPRINE 


9.(6} IN. 


CL FAPANCFE 


INPUT DATA 


TABLE B6 


M85 
ОЕС-Ғ 


TRM 
DEG. F 


N> 
>= 


+> 


HREF1 
IM, HG 


PATM 
IN. HG 


ОРУС 
eH 


IN 


H1 
INe H20 


psp 
IN. HG 


RPM 


RUN/PT 


сс? 
CJC4 UC. C9 CJ 
(600 e co een 


ucun coo 

+ $ ^ 
OMNA $ 
€o ac eo c 00 (b 


сооссае 
$ FONO mm 
(0 ene d 400 
” о %4 * » 8 
т те” test ie 


Mc UNC UN 
OONE TO 
NNO STUN 


кые с, 


осше ИХ 
ом оосо 
Sate mi 
e °. ° ° o o 
σε σαν Ss Ki 4 


ААЛАМАТ uu 
юс осм 
xD O O 0 00 
@ ж е 49 9 8 
m — — = — 


с сс 
оососо 
Р со с сом со 
° ө ө ө ө ә 
т-іө-і езі өсі ч 4 


— C) P 61^ vu 
v-.e 9 099 
ee md CN 06; 


eee o0 00 
осоосо 
© ө өө ө 59 
сооссс 
f^ e ee ee 


O C OO + 
«xf eo co C4 0^ u^ 
Cu O^ «OQ се сос 
99 Φ9Φ 9 Φ 8 
(CO C ο σσ 


0-2 O (NGN O 
GO O CÇ. Q =a = 
999 9 Φ Φ 
С^ сысысо о с 

ce = 


ЗОО 
ооостсоо 
еөееее 
LALA US LA LAL 


C GCN a CD 
COOOUA CN OO (N 
Φ 95969999 
Qe ог 


Φ 99499099 
Q^ enu r- er 
mONO O ч 
e em A 


999999 
оооооо 
ч ОМ О ч «О 
ο ο ο ο 
AM Be Oat eS 

= 


enc P «xd uso 


т гі езгі е-і езі = 


са Сс әс. 
, à * - 

Cu C4 CJCJ CJ CJ 

(o 050000 00 06 


= 
- 


85.0 


MC 
tte 
oo Co QD CC 


42 


LA CHL CN 
+ CO O зс 
СО ИА СС 

+ 8 e p е 4 


et tH HAIN 


LAC UNIS UNC» 
юс оос 
e eoe w^ «oo 


— —4 = com cm = 


ιο CO C = 
DAMA С 
і СИС СХ CN 
өл г v e ә ° 
ғә eu MÀ MÀ MÀ, 


С МИСС 
ux Or со со 
Р ММ М М М 
© э © 99 е 
Saat et ied 


LOLA LA LA LAN 
зш. ом 
co O C C O OO 
e 9 ° Ó ө ө 
4 — 


АСС О СС С» 
MOONS & 
ооо о 9 
ANNA FA 


mie 00 en 0^ e 
ὍΟΣΟΟΟΟ 
9494995999 
ос Ссс С: 
f^ 06 0 e сс (с) 


mn O O UA CC UO 
~~ NNO 
Keath th 
999 9 9 о 


TITAN 


LA CCOA OO 
ΗΕ 

8 99 9 9 
De Cim Oo 
a ast c 


00 Qe АС =ч 
г- o o O Os 
Φ 99499 9 
со со соо ας) 


TOD et (OS 
MANO AID 
eeeee?s 
OANA 
өзі езіг- е = — 


99999 Φ 
Or O cO mO 
ONE Ae 
CGN G Jd = 


9909 9 9 9 
ΟΟΟςΖΣΟΟΟ 
сс О С) 
ооо Оон м 
MmOAMNO 

еті өк — — 


πιο COST uo 


Сысы Сысы сы сы 


„< & © С 

" 3$ 
NANAK 
MOMMO ene 


S: C us COCO 

* Ῥ 5 a . 
uuu +J `$ 
CO eo ao CO cO cO 


truy UYA UA CO C. 
Nyt “οσο 
Tron 
68 еее ә ә 
т-іт-і еі ге =—4 (N 


ссе иии 

(N= O OO O 

f^ ener ctr 
" > ` e 


mM uA] =! Sal 


IC UA UA UU UA UA 
σοσσο 
NAN AIACICN 
ео ео о ө 
ее 


ИЛА Си 
C UA UA + (N 
М М М ММ 
e vo 9 99 9 
ae Sd St enl 


OWOCOM 
EMANO 
CO CO cO CO €O cO 
% е 9? ее 
Ht a et at 


сс Још Ф 
со сл Асс 
° ө ө ° 9 е 
tej сс Л OF 


en e e e en en 
сооосо 
° ө ө ө ө ө 
єс о C OO 
(^e ee e e 


uA Os na CO + 
NOM OF + 
DWM ONL 
6 6 69 9 ө 
Ww St rene 


KAI ON 
ee 
te 99 906 
cO cO O^ O^ CO (NN 
= = 


NNAS 
r re 
94 9 9 9 Φ 
σα σὲ et tt nd 
Sa See et 4 


NOOSE O 
una O O (n © 
Φ 999969 


м моо 
c MÀ o m m г 


9499999 
OD O^ e P e uS 
TOATOMO 
CAIN ott 


99959959 
оооооо 
ANNO 
сысы Сысы сы О 
с сзсз: Or 

теті еі сі 


em C 00 T Uo 


en en e eo en en 


се 

ч ν . % - 
ο οσο. 
(oec ec en 


CN C500 C^ 
^ ç ” 4 e 
ОСС-С»- 
D O Or t 


MOMS T+ 
αοσ σος 
сис сеч 
9 ο ο ο s 


е есі = (NJ CN 


cri сс М 
~~ OOWN 
emi CN CU 0D 


і р фрі т р 


c mor O 
MOON 
AHA 
е ее 
= p re am ` = 


ue no 
mMODOO 
о оом № 
eeeee 
4 eet ete 


TAMON 
~ euo 
o 
еееее 
Asad 


ο ο Ὀυσιω 
NEM OC e 
Ф 9 ° @ ө 
MANO ~ 


ANA mN 
ι(ως-..οσ 
949 9 Φ Φ 
e СО «df ec 
чел mid 


ORONO 
or 
6 о еее» 
тті? 
Sea =| 


ооо 
ONE Ot 
° ө ө ө ө 
CO OO 
NNN N e 


ееее 
AO 
(Nf e + 
TOMO Ae 


Φ 99 9 6 
OOOO 
“ос? 
чос оо 
σι ο ΩΩ Γ" 

gum өзі езе 


en 0 dT us 


ЗУ 


140 


тех 


ANANA CHIN 
MMOMM OVE, 


ос сенге 

Ф L . * “ 
ARNON cc 
r r - 


οι σοι σα 
чоо ONY 
AONT Cm 
. өее в $ 


р 4 4 1 С С) 


Зс сзи 

см ғи Ссс 

сс сы сс} ИО 
* t a 


өзі еі n —ф 


ONION 
e CC CONS. 00 
€^ (6 0 00 Mm 
e ọọ > o @ @ 
5 = — re 


со сим © 
Cu rco X d een 
MM 
9Φ 9 @ 9906 
Sassi 


TAOS IN 
ep ΟΡ 
m 
95 9 9 δ 8 
od үле ed ge) md I 


CÇ O = CUA 
QN CJ «f «oO 
@ ° © ө ө э 
+ рес 


$44443 
= — — === = 


@ e ө ө ө ө 
ОЭООССО 
rr cnc {С СС, 


NEM ON 
ώ σσ ουσ 
OM ADMD 
99499699 


m r O O u` 


+ O OOP + 
ЦАР πιω ος 
9 99ο ө ө о 
Aim πο ο 
aa 4 


mim FATO 
OOOO OF 
@ @ @ 9 6 9 
r ы 
Aas aaa 


СО Соч ССМ 
сс сл С 
949 9 e °. 
AANT TA 
NAN Сысы Сысы 


ееееее 
N~DONa 
eM eI eR) 
uS Mee 


999 9 9 0 
сооооо 
COOTKO 
AKONOWM 
оном 
SaaS = 


AAI GW 0 


US uuu uuu 


«сес 

` “ 
ICN (νο ο 
G cc соя, 


Q:c.c i408 
Ф = . v - . 
| O C CO X: IC 
М ММ М М 


С: Се С ¿2 
F-04000 u^ f 
?ФҒ-СОС =ч 
e t © 9 ? e 
т өсі теі =4 (N) (N 


соко е 
AONO O 
СЧС ОРМ 

a 4 - а 


е 
ae ml mi 


NEC Ono 
м с сзи См 
CU C c6 ro c0 0 
°е ә > = F o 
να αἱ... 


Οοιωσισοσ 
ее СО С 
r 
( 9 96 Φ @ @ 
=, =4 


NAICS 
CN «f 00 eO 0 
со е со со со 
e e © oo 89 
a sel sein 


NNSA O 
mm te О СО 
°° ° @ P э ө 


LOM Og 


Arm οσο σου, 
+ (N= — C + 
99 9 Φ 9 ө 
CaF CMY 
тезі сезі өзі = 


CUu O^ (C eo 
ае O 
999 9 9 9 
ο ΟΟΟΟΟ 
(NCNCNCNCN CN 


AO 
OCC fou 
999 Φ 9 9 
o ooct-r- 
NNNNNAN 


оофооо 
OQ eo rev 
со f (Ὅςη σι 
uu sso 


е о е о ө 
ооооое 
оос оми 
Ὀωώ σωώσο 
4 СОСО ОР- 
еб ре өл p gm d 


SANIT UNO 


0 OO O O O 


ІСО РАОТА( ТӨРВІМЕ 


PERFCRMANCFE EVALUATION 


B5 IN. 


CLEARANCE 


OUTPUT DATA 


TABLE B7 


METHOD. 
ERATURE 


EG. F. 


ас 


er I 


MOSSES 


MAXIMUM BEARING 


LOSSES 


NO BEARING 


>C O 


UJ e 
- ας 
Cr ul 
zu 
< 


LL e 
тс 
осш 
co 
σα 


и! 
ош 


Ou 
aw 
ως 
IO 


ο ει) 
ом 
ως 
αμ. ο 


«5 
о Ш 
uJuJao. 
xag 


©) = 
UW) 
x <t 
ам 


RUN/PT 


— —  - «ш» Фо ер — «шы «шә — — πα πα «ше «ж» — ο πρ ФЕР ЧӘР απ «ж å απ απ G s G απ πα απ ο στ... σα «ыы «к» «не еме «нә «к» «к» «к» «к» «ша «ы» «к» «ы» «ке «ше «к» «жы «ы» ew s eM ee ee ee ------- "ED "ED am, Au» еш» жш» «шы өш» «шы өш» «шь ғы» өш» өш» «к» em — = — — — —— — — -— — 


PISTA? К 
yee 76 27 
717 рл EC 
ЕЕ 22 
Саз тс GP 
277 ει ЕС 


очо ео я 


«σι σαςσ 
СЕ ¿r 
сососоғ 
9 9 ә Фе 
τ. 


mina ror 
CN OC O Ú ur. 
a e * » Ò 9 
есе ос 
42,- cN f 
ΙΙ 


м. V r 
eu du 
4959959» 
Ui $F OM Ne 


смсс с С 
Nic сх 
° ө е ө егт ο 
С = 
СМ М МС СУ 


(с с с οὉ 
ασαιασ.σ.ο 
tu Oorc 
eet Ọ ое 


OCA Ci Ci OC 


GC oo P- 80 6g 
— r" — C^ vC 
ги 
ее 9 ç 9 9 


Ç сс, 


т += гм 

A а Сы CN 
% ә % ө ө е 

м „СО С М М 

NOW С Р o 
! 


ена ес G 
©з} O — + 
oe @ o @ е 


+ +$ (Naa r; 


rc crus 
оосо Онч 
— st NA 
9 99 989 
GE ЕЕ. > 


CJe Q0 С сч 
ссоссо 
ососта 
Әебео6е 
Cecococc 


σιφ νο 
σοσοοώώωο 
9949 9" 99 9 
πισω -ςο 
MOOSE & 

it |! 


AM MONI AL 
WU UNL UA ur 
9 о ° 9909 
ч рб Р р) р рб 
с со сс а СС 


соғ"? 
Qiu rre 
eoe cost uw Р 
* o 99 90 
осо 


а, U` = Ç C 
ο ϱ ο ο 
со МС‘ У С 
-еееее 
v CO CN eM e 


aT O` Mure 
enm joco 
mam Or 
9999 9 φ 


Q OC OCO 


999999 
TSE OO 
«f O = OW 
use $m +c. 
ООО” са 

74 


осососоо 
оссоос. 
CN 4 =4 (Ñ (N (N 
° ө ө ө ө ө 
= e e i A 


MINIM FOO 


SSeS edo 


РО >С © 
Or WAIT O 
u^u ιν σσ 
Φ ο 99 9 9 


соосос 


QC u^ e «cC ечи 
u^ cC f —. DOC 
О ОМ „ч 
еее ә е % 


ДІ ео) 


σασσώ”- 
MAINS >= 
*- 9 9 9 ọọ è 
CO C ОМ 
і МО О С ος 
! 


< > u" c o x 
UNA O $ (N= + 
eete@@ 
Y UA $ - OÓ) 


COUN Cs OO ч 
— < O C-— 
Saat tN 
э өе Фе е ә 


οοοσοςς 


οσα UA =H U О 
Ссс: С О 
соо сс со 
оооове ө 
сэососе 


сиз соо 
C400 ў СХ ее 
е е е ә ә е 
HC NONA 
° a 


νο σου 
UW IN UIA IAL 
*°* ө ө ө ө ө 
Ч і р рі —4 
С асо со C CO 


ΟΟΡΟ Ο.Ο 
Cou CQ «f us 
e^ e + us Or 
9999599 


ΟΌΟΌΟΟΟΟ 


r= iq О С М 
С с со ч 
D + n O (NO 
ο 9 @ @ ә 
UY C60 CNJ 6 eH 0 


„єс сос 
ғои со Со 
оссо сом о 
°* ө ө ө ө ө 


OCO OOO 


e@e ө ө ө ө 
|D — (NJ (ry O 
UA O OS OC 
см м ое 
ODMDON STO 

υπό em Án 


осессо 
e OO: C.C. O. 
αι ο 
@ ç @ oo o ө 
еі еі езі өсте ,-і 


ex e ο 


ο ο σου 


NEO + r° O" r` 
АС СШС 
m < O O. 
е еее еее» 
C < єс 


Mio MMs 
fec core 
e © ù o o ~ 
РЦ CO O 0» en 
σι ο σ ο 
I 


συ οσο: 
m cim im u O` 
° @ 00o @ @ 


απ + (=a 


Сс Сс.ғ-гассос 
MO ANNA 
@e@ eee 9 59 
O (rjO O +C 
r-r r C + 


F- CM HOC 
OS Hoan) 
L` u` ry C < OC 
e » ө ө е ? 


CC OGOO 


А Ч r OO ++ 
QC (€ $ (rN — (N: 
O C O O O+ 
9499 е Φ9Φ 9 


СС Ge 


C Ono t+ 
|D UA O + O O 
е е Ә е ә е 
ao Om sO 
HAM OP oO 
I 


€^»cn OM 
Οσοσοί 
e 9.9999 


ec C Un +$ r 


СО UO a NO 
ФООҒ-Ғ- ОС 
= SS Sa 4 
9999 9 9 


C, C COCO C C 


WE ih TOO 
чч С.С С 
сс Сс О © 
*° ө ә ө ө ө 
OQOOOGNM 


c: en C (NC. + 
Оо Οσοι 
99 999 9 
C. Cu Cd 00 4 
м «О сзи сс 

111 


бс” СО) сс сМ 
$ FANANN 
999 Φ ΦΦ 
от 4 s=4 —=1 —=4 —4 
со 07 СО СО СО С 


ANT Att 
А ССС 
e^ co TIO OF 
999 9 Φ 9 


оооооо 


s CO O CO OO Се 
се — CO O (N 
OOF Fh cr —4 
999 9 @ ев 
DON ч 4 — 


Cooor-s 
COO FP Or 
"ОСО ом 
949549 99 
e c COO 


99999 Φ 
М СО чс Our 
σσ rn O с 
С^ 00 ОМ М en 
М Сее М 

= at ede 


сэс С^ AO O 
оссооо 
FOV $ + 
e@ e о е ө ө 
Ш 


. 


ο ο) ώώνο 


TAHOE 


141 


2T 
ager 
E 
С 


ale 
5 - 


έω 
5 
7€ 
78 


^25 
. 65} 
& T 
LES 
< aC 73 


Or. m 
Was OF 
99 Φ 9 в 
Όσο σος 
CREAR O 


COMAS Р— 
сс Р М 
borrow 

e o φ ο 


° 
οςσος 


O + + — 
+ C мс 
vC SOM uou 
е е е © o 


Ç Ç C. CC 


F u UN 
суусоо гез и 
99 o е е 
ОЎ МС 
1 ў от 


u^ (NUA O+ 
сс осо 
e* е ө ө 


ocr Owes 


CONG O 
ии оом 
Sd =e 
° ө ө ө ә 


C. coc 


c ecu enc 
att et 
mC C OO 
99999 
COOCO 


u^ eu ar 
eor undo do 
v.v 9 9 o 
Сч С C^ 
D Ori С 

1 


OFTON 
$ $ FAA 
ее еее 
—4 omm — 
сос сос о 


осо 
ў СУС М 
COO $ +u. 
99 9 Φ 9 


QO Co OOO O 


OWT HG 
Qe dcr 
AAND + 
999 Φ 9 
NON —— 


AAP OO 
О C = UA CO 
Na HOO O 
Φ e EE ME 
wq ord sd ed CO 


9909989 
м су е 
Cah On 
Or MOU 
CoN TO 
T— em ee 


ovon 
сс сс с 
ға 
э ө ө ө ә 
AA a 4 ч 


ο σι 


++... 


9.4 ©% 49 a 

maint ane 

с. | суссш м) 

I 

< U` u` <t < 

r u 
е 
© 


. 67 
б 


994 
"σον 


= 


5.5 


CUN KINO 
IO + r 
е «е е 9 ее 
o ento 
ORR ER 


σοο οσο 
α να (N $ 
fuu co 


ьо ое» 


е 
восососо 


ων = (N + <Ç 
am + UA O` 
мохоох 
999 49 9 o 


C.< CCC C 


OOOH FON 
UN $ $ — $ — 
*- 99 9 ө + 
СМ ЧО ч 
і мг 
I 


eh OW SO 
MMC OHO 
еее ее o 


Ç O: X = O u 
= 


PI NILA COM OO 
U^ uw uoo 
a eS = 4 = 
eeeeee 


сис сэсусус; 


4 „АС CO LC. (N 
СӘУ! тете 4 
ососсо 
э ө ө ө ө ө 
СС ОСЫ» 


Cc C^ OO «fte 
ееееее 
Ceo (eoo cr 
MET YS 
I 


DENAN 
extre 
Өебтеее 
aS St d ad 
cc cc O cc O O 


© Сс“ ra rO O O 
ο $ WON + 
cy co «X Tu 
599 9 9 φ 


ο ο. 


З O C O+ r 
TON CS 
arm Amo O 
eee eee 
F ONN m 


UYC^ *O «D OD e 
ГМО 
(N (N езін C» 
999 99 59 
SSS Sed 


999599 
NOVO Oe 
mc OO O UN 
чос 
ON $l «О 
—4 4 md mt 


= 
хс сс оС 
UND LOU LAN и 
999 9 9 о 
1 рф р 0 р] 


ССИ О 


U^ USUS LOCUS US 


O < Z G Z CN 
ους πισω em 
ο... Ж 
С.т. О 
~e ouam 


ο οσο „сун РУ 
(e «σις С 
ene ente. 
ο.» 7 © @ » 


ο ο СЕС 


A er Ph wm 
ot on ot eed Ph СІ 
со сс СО сом М 
5-9 99 9 9 


€ c C€ OC 


Ont awe 
NE Ban 
€ e 9 ее p 
С сы сс 
Np matin 
I 


очи COS 
^ © O C eri O 
eteo t ooo o 
ac Caro 
e PH 


eX ihc on 
соска 
° ө ө ө ө ө 
ay COO S 
r-r М 


ate HOP 
MOO Du 
xf M9 Uu uu 


* e è o e ο 


ο ος) 


NACE Co 
Cue CC: C UA С 
F.C. 
Ф же q @ è 


C, C CU C.C 


C p + ux + 
МС ОМ со со 
ее%е % ө е е 
OTOT mg 
iem (YY PF AO «О 
I 


«για 
QUINNNS CN 
@ e э э ө 9 
со окчо 
— =з 


М со 43 СО ч 
+ ὦώίιοισω ο 
4 рб =4 —4 — 4 
ο 99 999 


OOC OOC 


+ “смог 0 
(N GI ICNIC N =r 
сссссо 
oor eee 
C OO CC 


ОШ С.О СЧ, 
со ++ 0м 
еее еее 
= OC О 
NO X Vr enm au 

Ж 


TCT HIN С 
een eot srt 
9999 99 
goi um w— s=4 —4 — 
а са) сс со 


=u" + C DOC 
Cou U^ cou e 
ее соп. р ИХ 
Φ e° @ ө ө әд 
QeOgoOoooo 


uU CC) er 
α) οσο) 
LILA OO rry O" ο" 
9499 99: 9 
F ANN e ee 


uo OO fu 
Q^ «orn ou CN 
NANA Se 
999 ο 9 89 
Safa aii“ 


999 9 99 
ΣΟ σι O 
РМ РУ С 
ЮС $ r 
ONO SOF 
= Sai 4 


Єк сс ес со 
O` c" G" C: Os O` 
WOOO 00 
оооо о ө 
Sas 


MANIC FLUO 


ΟΟ ΟΟΟΟ 


FVALUATION DF ICP RADIAL TUPBINE 


PERFORMANCE 


= 9.041 IN, 


CLEARANCE 


INPUT DATA 


TABLE B8 


ТЕМ TC J 
DEG. F ПЕС. Е 


у22 
MV 


N> 
>F 


“> 
>2 


+> 
>z 


eC 
u T 
LL e 


< w 


H1 
IN. H2D 


P 
Ne HG 


RPM 


RUN/PT 


=» «ше «ше «шә «кы «шы «м G G «шы «жз «кз «к» «шы «ШЕ «кз «шы «ше «шы «ше «шы «шо «ше «ше «шы «ше «шы «жз «ше «ша «ше «к» «ж» SF S| G s x 22 2 “s G G s s G «на әш» «шы m G Q G Әһ “ШР s G G G G Q TFT SO S88 G ED G πὶ «πὶ G “Q s Q Q «αμ πο «Ἐν πὶ «απ «απ Q Q < Q «шә «шә s m =e ы αν αν αι αν αν s Se ----ω SS See = Ses = = 


< Ç CC CÇ < 
« e t * . 

NNN NNN 
€ e 0 0:00 00 


en ste o woe 
mus Q O O O 
rrr wre О 
е ә 6 ο э Ө 
=i pml pai pd i NJ 


WMA iA OO 
NOOO SU 
©- è è o o 
— — = == = = 


TOA UND 
С чето ос 
ANNAN (NGN 
999 59 φ 
ries dS eS c1 


© απο ο 
Oo coro 
x Or" 
9999 9 9 
απ е==4 э—-{4 к= ра] 


м оми Си 
отар OCO 
М М с со со 
“еее 
cm em eum g=41 em om 


eu uso С ч 
€ 0 05 40 «T u^ 
* ө ө ө ө 
emd ei pi e ANNI 


OcCcoccoo 
== е 


соооос 
€ e 00 e e 0 


ом (N(ANT oc 
ATM DAN 
ο οσο 
9499 9 99 
ANN N e 


OOT NA mT 
4 — O O Q: i= 
e et ooo 
ACEN F eem 


c— eme = 


OM — 
сосососоо с 
° е ® ө ә е 
LALA LAA 


7 


тозо сос 
T O NAN O ч 
94 9 9 9 9 
соо ом 


9999699 
edt OOnmc 
МСС СО ч 
=== 


0060 о 6 
оооооо 
OF D410 
— (NO += O 
ως) n 

=== 


eA sg uo 


SHH 


ο ο ος. C 
Сысы Сысы Сы Сы Сы 
C0 e eee cn en 


OCOALE 

a e * a Ф % “ 
СО εινα 
Ғ-ҺМООСОООСО CO 


сс {єє ЮО 
м О Ие еп 
TN OOH a 
е ә 9 è è ο ο 
Seat St IO CN 


Q^ d ecu temo 
OOWNSOM 
M TOAD o~ 

ва € a 6 


cce e gu emu е 


O t C Om 
e e К- ОС 
en en ee ec ene 
* 9€ 99 ә ә 
prd eed ре > ре ре өте) 


€ cm ec r- 0 С 
V5 wu co co QC ww 
ec ep C" cO C со cO 
e.e 9 9 @ ө 89 
—1 = — 4 — гі сей 


MOM OO 
NAINMONS 
σσσσσσσ 
e ə э ә ө ө ө 
e quad ух) ре өл o ν-ἡ 


eo cwn — a f$ O 
+ $l = CN tN rr 
ФӨеееебее 


tN n + + us 


OCOOOCC 
c ge c e gcc 
° э ө ө ө ө ө 
соососо 
C0 06 0 0 00 e 00 


ος νΟοΟ ών 
CANON =m 
COAOOAIM & 
е е е е 9 э ө 
татты 


OTONnr ost 
Reeth OAR CN (N 
® @6¢ @6 9 @ 
IAD OOO ч 
m| = =] 


F OO tN eu 
m co O Q' O со с^ 
999999 6 
€O cO €O (O cO €O cO 


TOON? 
Oa + Gun O. 
990949 9 9 
OONNN AO 
ANAS = =| = 


€ e 9 9 e 89 9 

eve СсОР- ООО 
WOAH OND ++ 
С.С. өзі өзі есі 


9999999 
ΟΟΟΟΟΟΟ 
Dunya i= (NO 
HH Ome One 
со O = (N T «О 

c e cd c c 


eu CO + Uy Ol 


NNNNNN N 


C Cic uc © 
% 4 “ w 9 1 
Сы су Сы Сысы Сы 
e en een e σὴ 


\^\ с©\ O Oun O. 
ΟΡΟ) 
TMM OOK 
@ e °? e @ es 
vet add SI OIA 


C a ο 
DONTAO 
en et woo 
к е 


LAO Ice 
u^ ACU Ph СО 
e 05 0 060 0 0 
94 9 ιν 4 4 
оі рф е] о. рее ра 


un O Cc Or 
ORR 
cO CC cO cO cO «C 
999 ө ө ө 
== pud p ed dl = 


uy O Yus 
PDO a(N(N 
сооосооо 
9499 9 9 е 
o ord end od od od 


Сочи С 0 С 
O C CO O. 
999 9989 
CJ C4 CU «f uu 


oOooocoo 
TA TA AMAA 


осооссо 
MAM AH 


mt OD ot 
NOT ATN 
G uy O ++ Ü cO 
9499 e 9 ө 
ии $ CO (N 


POONA 
DO uo e 
999 9 Φ € 
ЧО οσο 
er өз CN om o 


ο ώοου 
f-f-f-o oo 
e@ee8 9 9 9 
m md od ed і 
ч Ч 


TANOAN 
ANO mt O 
999 9 99 
= O DUY + 
Sasa a= 


99949 998 
Οσα. CO 
u^ e С o 
MMA == 


ееееее 
оооооо 
THOTT 
MOM Dat OH 
ооч со 

с кісе еі е 


FINO FIO 


MAMANA 


COULE LC: 

. € 4 a Ф + 
NNNNA N NAN 
(een cen even ea 


WWOCTOO 
Фоо е © @ 4 
TINIAN 
М М ҺР РМ М 


© сис сп спс, 
(N P= =+ r (N 
+ UA O O CGO (N 


9999 à o 59 
өте 4 = (NJ (N (NJ CNj 


і О Р е 0 0 
ONT FANAN 
σσ ΑΛΟΓΟ 

е е е ғ 9 4 


Sea A gu) qued omi nd 


DOF OM HM 
LAP UA CO = (N 
NAA en S HT 
9499 494 » ө 5 
= p= — = —=— 


м чис о 
LAM С^ 0 eCNO 
М М М М сс со со 
еееееее 
| e ed e—1 o4 e c4 


F += C < 
turnus Or 
€O cO со асс со со 
@ @ 9 e 9 0 € 
4 чі б уе өс 


ες οσο σον 
+ Or OA GOO 
ө ве е ее 5 
OM TOW Pr 


Сысысмы Сысы Сы Сы 
ооосооо 
° e e o o °. 
ооооооо 
€ 05 00 00 00 00 e 


єє РС: Сы Сы сс 
ОСМОС 
OONENE rn 
ee e o ө ө ө 


оош н ++ 


озимого 
c euo geo 
e€9€ 99990 
CN 00 Ue JT 0h00 
ovd ed od o (7) өз реф 


MOONS 
O O O Р-Р 9 
eee ө ө ө ө 


+++ Y 
mA c em me == 


есоосоо 
OGNONT Y ~ 
9959990559 
і іеі С) О СХ СХ 
NINN N o ei o 


Φ 999999 
MOTAN С 
endo Сг ОО 
sf ex 00 C904 67 0 


99999 9 9 
оооооов 
Шош счет 
моз стос 
g'OtN mui tr 

Rl езін 


BIN ΟΡ" 


Terres 


142 


CC Cre ere 
ее q ο 
С. сысы Сысы Сы 
(ien eem en e 


C CMM GIC m 
М МР СО С М 
can ci + + + 
e ФФ офф 
т өсі еті өгей өте ái 


συ οσο” 
Quest etr 
сссссо 
9ο 66 οσο 
p o rH ur ui 


CAMS OM 
Фес 
осоосс 
* 9909 09 6 
Сысы бы сы сы Су 


Ooc ooo 
ею тесно 
94949 9 9 9 


з шом М 


οσο ο 
Ococoo 
9495699 9 
ΌΟΟΟΟΟΟ 
€^ en 00 e e e 


C^ et ος 
AOC Ors 
Or + ++ O 
99 9 Φ 9 ө 
оок РОО 


Oo r-eo0 0 
Nx Oo cundo 
99 9 49 9 9 
AONAN 
че æ e 


Οσοιωσσ' 
000000 
99 9 96 9 θ 
М ҺР М Р 
c em el cmd em 9-0 


r= (N T =€ Y CN 
O $O O a O 
99 99 9 9 
WMA ST 
сч Сы Сы Сысы С) 


999999 
Οωοοοσου 
et OOo 
Ast PONY 


@e e 0... 
оооооо 
(r^ O0 «t ος 
NATAT + 
А а 
ο -- 0—4 


ANA TINO 


LOLA LAL US 


«с ос с.с. 
e a % ° е 
Сы сысы сысы Сы 
e^ eee em 


CO C ODC O 
p %9 ° ° «+ 9 
u^ Aw www 
t 


F O m F ч 
+$ O O T+ 
OOTO m 
е » 9 9 9? 9 
prd ord o — (NJ CN 


NAW SO 
AUD OUI ++ 
ссе И О М 


od pd ot pd ot vd 


„ч О Р CUD 
NaN ӯ 
ЎУЗ ++ 
э ө э ө эө ә 
Agel rs р—+ф==ф рны] 


C C-O O — (O 
NN ANAM 
ососсоо 
99 9 9 ө ө 
m emi omi em κο 


љс юс зе 
MANNANNA 
ссоооо 
оооо ео 


NANNAN 


Ci 00 Cc. 
usur oou 
° ө ө ® ө ә 
wv weOort-oo 


сы Сысы Сы сыс) 
оооооо 
° ө ә ө ө ө 
C C OOOO 
(03000 0 0 


TM NO HAD 
Pind С 
О 0300300 
9.49 9 9 9 9 
gadcr-r- o 


тгооозч 

FA O + (OOO. 
e 0.o ooo 

ecc or ОО 
ed өш 


СЧ О Онч сп 
мли ооо 
949 9 9 9 9 
ΟΟΟΟΟΟ 
см сы Сы Сысы Сы 


OTOOTO 
ATATA 
999 9 99 
с о оом м 
Сы Сысы Сысы с.) 


999 9 9 Φ 
WODOxHC 
озо спс 
uyuy ++ ec 


9909 99 9 
C OOOCOOQ 
NATH Ot 
NAON O m 
mN A~ O 
+ 


e CON 00 3 USD 


ΟΟΟΟΟΟ 


PERFCRMANCE EVALUATION ГЕ ICP RADIAL TURRINF 


C,^41! IN. 


CLEARANCE 


QUTPUT DATA 


TABLE B9 


а. 
war © 
= Ww) 


ц. „сы 


Cv и 


«tun c5 


«ic e 


Οι. 


а - il 


MAXIMUM BEARING tONSSES 


NO REARING LOSSES 


EFFIC- 
I ENCY 


= (N CO 
Cuu 


еш> 
coco 
aU 


Ju 
ши. > 
>00 


Ш „4 
«c 
Oru 
zuo 
аа: 


LL) 
Sass 
Sa Wi 
2.0 
< < 


Qo 
сш 


Ou 
зш 
шо 
τω 


ο Σω 
шот 
uj." 
qc u. co 


ec 
u uz 
шиша. 
са. сс 


U 
ше 


а. сс 


RUN/PT 


— — - - - ee eer ewe eS «ИЮ ee ee s eS wes c рь ӘР Ар űl űl M M еш» «шы «жз m E «παν «παν αν рь Bee ee Sw ED απ әш» «ж» AGE s cum UP өш» «ШЬ «ғ» өш» «Ж» «Ж» «ж. сш” «ж» «жз x s m m s s < < «παρ Beers eo m Qs m Q Q es wee ea m Q m s “s T = = 


ER aA 
ЕР 


77.47 


Нос 76.6 
209 


К, ТТ сг 


mee Ot 72 PF 
467 


^ 6527 
^. 076 


(` 
^ 
.. 


э = э ө э 5 
ειστε «δες, 


F O. O.O tt m 
C T.O O © 
. « * е э е 
Quo occ 
"4 f шц O 
I 


= cr Ou Q 
Bail eam 
— ө ө ө 
З SONIC: 


(ea uw wc cN CO 
Wait CUNT 
ео. о ое о 
Corson 
O C O C UA 


NOW aime 
goo uo 
Ғ-т- σας 
èe oe © o è o 


Оооо 


l 

m O` O C (N 
C Mu e tm 
u^. foedo 
© a © e е o 


Qe Gun 


I 
сом ux 
eC unen exeo 
9 9 99 9 
TNS SN +f 
cN Or сос ο 

i 


чоогу 
w^ ee O CN! 
9.499 9 9 9 


ANANN, 


Q^ ew oh m 
ELOT 
uA gui rd od 4 
* 49499 9 9 


O COCO 


CAMO O O 
cC ooc6oc 
оссо сс, 
9959999 о 


осососо 


со r cX C. u`, 
Оссо осо 0^ 
ооз ее в 
at ODOM 
f- OM pe 

гг 


RIAD a 
A et tot 
999999 
mt a = = 
а, со сос со с 


яі і ҸО + С 
Oton 
(^e үф uw u^ 
eet ete 
ΟΟΟΟΟ 


С^ ИХ аР COO 
MODMY 
Ссе-ООТО 
9995999 
WANS = і 


лом м 
cum cn Ф о 
C C Om Ге) 
ФВеееее 


C OOQOOO 


94099494 Φ 
tum ceo oO T 
Сл Оу сус 
sO Cn CO «ren 
uy OK am 

= = 


соососоо 
DADADD 
wt i === 


9.49 Φ 99 o 
ASS a = 


7C 00 ST uS 


=4 = c cm e 


«f 06 00 S c0 


. . 
OCOC)OCC,. 


eoa enu eu e 
«f X O O UA G = 
Р М Р Р г РО 
99 99 69ο е ә 


ως ο ος ες, 


ο Νωώωώ = C 4 
NAO a = Ç 
9 е © е ο ө Ө 
ммс смо 
ο | (N$ UY O = 
I 


m (ΕΟ «η 
Mm wt OOS 
еге ФФееее 
ОО FON mt 


(σσ ο 
e 90. 00 40 Oe 
99 9 9 9 в 
са (N O C =a 
ΟΥ ΓΗ ONN 


cv O$ C€ O + 
WSO gory 
< C Or r: = O` 


« 99 9 9 ο 


CoOOooooo 


Om OP a 
соесжжое 
ALAAN TF ON 
е есееебее 
C, COCA CC. C€ ' 


WFP OLD MC 
«f eoe cce 
899 96ο 9299 
юм осм с, 

СО М М со СО 


ONC ы 
A~ O Omm 
99 909 9 99 


OMT SONG 


NM OS Oar 
OO PP Ph COO 
σαὶ 0 00 = == өшеф --! 
9499 059 9 8 
COOC OCO 


С С O mO 
о О е СХ 
сс О Ооо 
9999 Φ 9 9 
ссобоооо 


кое Or cec 
4 O UNO O οσο 
еее е 9 99 
Qe O cr UA ч 
Оч | т 


e o O. O: O: O` OO 
AS aS = = 
° ө ®© ө ө ө ө 
et e i m m 
œ CO CO cO CO cO CO 


Orne Ο.Ο 
οσο f eO 
eoe end uor- 
9999 Φ Φ 9 
ооооооо 


Со і С У Р exeo 
осо е-е 
ШО СО == (i = 
е е 99 999 
UA CG C4 C e 0 e 


ODN O = Of 
+= ` O 
сос сао O 
ееееефее 
4 Q O O OO 


Φ ο Ө 6 Ө 9 ә 
ON TOP HD 
eu^uweoonn 
TD N O MY eU 
OOD AUSTIN 

= = φ-ᾷ σ-- 


гох оччо С 
OOo О ОООО 
CU C C 0 m0 0g 
«9499999 
жә г еі к=4 a e 


FAN $1 O = 


NAN GIN AIAN 


пою 
е Ф . т - 
C OOOO, 


Omg nun 
κο) ο “ο 
ее Р О. 
9499 9 9 
ССО СС. 


O = c 

INANE FLO 
€ e ө в е 4 

EHD OIA OVS 

σι σι ο 
I 


O =4 O CO — CC 
теоеоеоо 
е е е е е е 


DPM Os Mer 


uye CU rc C (N! 
ς eouo co 
9999 49 9 o 
‚се сс 
vr om 


~O Anon 
NALAN О 
° ө ө ο 


ee 
ооооос 


FETON 
О-ОСССР- m 
O OLNU a 
999 е 9 9 


σεις ες. ς, 


i 
mM OARS BS Со 
eo C464 € (y rn 
e e 9 ө р э 
со Сш С 
тИ«ОР-О 
! ! 


о a (ry CY CN 
CHOW RUN 
9999 9 ө è 


αρ $ d 


DONDE u^ 
IN OOP 
Sanaa ==! 
° ө ® ө ө ө 
ς ος ος 


σσ ου ο 
— qund o 4 ("Y 7S 
οσσσσο 
@ e ө ө ә ο 


оооосе 


с Сс соо 
UA a= ey 
9999 0 9 
O^ e Orcus 
O O r + = 

ка! 


+ ux m О 
==“ 
9999 9 9 
e um edm 4 
со со оз cO DO cO 


Nr Oo Ομ ο 
“FOCO 
AAST ANN 
9 06ο οο0 


оооооо 


Р- СУР Р 
οοσσσο 
ο οσο σα 
9999099 
M^ C0 CN) at ot ot 


OUI = 
+ OO OC 
— і СЭС О` Р 
99949989 
ә өні ғ C Q Q 


999 9 9 ө 
O+ O O C (Y 
WOM SF OM 
Qon dun 
eg. emur- 

= ad = —! 


OOo cocco 
OOo O: O: O. 
m eye ca 


99999 9 
== = St = 


πιο 0$ uo 


€^ c0 0000 e 


143 


OEP «40:0 « 

ч — X 60d 
e-O elec r6 
~m~ eo rr 
tfc iÇ < u € “ п 
ιο ορ (λος, Q0 
rc cO Сес ег 


a 


OCE COCOR 


Q^ ro $ ure uyo: 
οι ους σσ 
со сс r-oeocor- 
te @ @ et @ @ 


ο ος yC; 


σι 4 f c O t= ur: 
ασ οώώ 
9 9 э e ου 
н ЧС СУ + 
Cog om uo oO 
I 


y Met Oy 
μασ οσο 
еееееее 


саг Ссс yt 


ССГ СС ~. 
Ou Ht ah 
899 9. 4 Φ ө 
core os os 
mm fr m. 


+ O Or г 
Сс rN rO eO" i= eo 
TIN SIN O 
9499 ев 


ΟΟΟΟΟΟΟ 


ΜΩΟΟσωώωώ с 
e rm emu o 
КОС 
° е ө ө ® ө ө 


CE OCLC 


OOCOONE 
„АС +$ OO `C u 
9059 9 Φ 9 9 
|D eu m UA G + 
HAST «О «ОР Р 
i 


ONTO MOO 
t^ MMONAINO 
999 9 9 9 8 


σα οιιώσι 


οσοι © e 
TUAW OO М 
SS a= =| ==) 
* ө ө ө ө е о 


COCE OOC 


MNO TON e 
NN SH = 
@ oO O OO O 
еееееее 
ссссесов 


OM OF INO 
сес Ous O 
949 49 89 ου 
ооз С ссеч 
OOF SOP 

I f I! 


о. Р oOo 
Ss SS SH ae 
9999999 
= =l met r—4 4 
eo coc coco cc co 


eOOOtr«c 
NNW f emo 
en ene «xr uuo 
е е е 9 9 99 
оосоооо 


а ОСО 
Xf 00g 0a. 
OW NOs en 
ФФФееее 
US eO CON) em em = і 


огоз мио 
Or + Os OW 
(N = C СО СХ С^ 
€ 99 9 9 e 9 
=== OO 


949 9 9 9 9 Φ 
и оом ом 
WNMANAON 
DOOM DIAN 
оомо ом 

Mm ке оф 


сосоосо 
σσσςοσο 
хз зоо 
9949 9 Φ 99 
=== d 


ANATA O~ 


+З 


OOo era 
Ou OOS a 
> e е . * “ 
4 we θα, 
Р-Р са, а Р 
Οώ ΟΡΩΝ 
x< лғ 
есе гс (с 


* a @ ве 


С СЕС СОС 


юе“ ге 00 
TONNA m 
mora Ot 
ee tooo 


ος ο) ος) 


З О МОЈ 

ФОР ООО 
әе е әее 

CONNOTA 

(Na (N f UNAY 
Il ! 


Fo deco 
ССС С со 
ФӘеееее 
сос соми 


pr): 


- — O` O 
тес? 
eoe υ οφ 0 
чесе 
юе КЕЕ 


ооз; сего 
"СССР 
O F ALN OLN 
оо о о в 


оооооо 


М М С СС ее 
CAMO 
i: Dr-h OO 
ееееее 


CCCOOGC 


wx O Or- GN 
осчичагео 
e o ° e e 9 
ССОССОР- 
πώ ο 


C u" == O` (N 
OOM OU 
®eeeee 
оС сш 
= 


оС. O 
Ў или 
mates 454 =. 
94 949 9 ө 


CÇ. OCO C 


Ow door 
οσο οσο = 
оссо О 
ee ooo... 
ооосоо 


(750 e«t o 
ХОР СМР Р 5 
999999 
ONTON 
O O U` асс ο 

і 


UA. O ασ «Ὁ 
CO O mmm 
9999 99 
=i mi e ed nd om 
eo cp CO Ç x` ο 


mr Φο.οσς 
cN + = cn D ++ 
MOMS TWN 
999 94 ө в 
оососоо 


NOMANTA 
тосор гет 
Р Р O'r. O" O 
Фе%Ф%еее 
T ANN = emi 


COs FON t 
uen o © сч 
NANN eO 
949 999 9 
— — есе 


999 оо o 
і С 9 СО СО 
ПОС ОСГ ет 
о Ог О ro 
ο ιο ΟΙ ο 

mt md md ot 


e OOO0O O. O 
оооссо 
O O DOIN 
° ө ө ө ө ө 
quj gd cm em em ed 


SNOT UNO 


WAU АМ ААЛ 


55 


74. а" 


^+. 843 0.289 79, 24 
ӘС 83 2> 


0.867 9 

^„83& 2.305 83 97 
aoc? 92 РС 
п. 203 81 


Cc 


COM CH: 
масо м «Ссс 
€ e 9» 9 o o 
“OTAN O 
πρ 


C g eo -r 
лс ог п 
9 6 0 ο °. 
ο ος συ 
Γρ ασ 


V^ 4 eu e nm 
SOM OT 
torus 
ооо о о è 


ΟΟΘΟΟΟ 


USIP + OO 
OSINAIC ++ 
~~~n 
9499 9 89 
CCOOCOC 


e oe O^ OO C^ 
e wo ooo 
9499 o 8 
ODOM LO 
- соо?е С 
! 


Co. O+ ç tr. gt 
fum. 
94949 49 9? o 
COO аР wo 
ce 


сс. оС + 
MF зим 
aS SS Sa = 
9959 99 о 
ο ος с, 


ορ οσους) 
сысы сы б) с! 
σσοσσσ 
94999 9 o 
ссосос 


strane 
C uA OC CN =a 
999 ο 98 
ОС гб O 
ите 


Ое СО ч 
COOC mem 
999 9 9 8 
eS on ae ed ed 
со со со O CG 


CIO чо ег ++ 
e ur U^ e o en 
MOM TU 
eeteee 


оооооо 


f —4 f Ú Y =a 
СОР uM rA 
LAWN DMO O r= 
9999 9 9 
F ANN a i 


© CN UA O (N 
гб ООС) 
NNN N a mi 
999 9 9 Φ 
=) == == 


09099699 
і О pr O r= 
πως οσο «Осу 
mM CHAM OO F 
ом + or 
re есі 


σσσοσα 
σσσσσο 
ООООЧЖФ 
999 Φ 9 ὁ 
cum g—À cd gum с--4 шей 


BANOS FIO 


000000 


PERFORMANCE EVALUATION OF ICP RADIAL TURBINE 


3 C24 IN. 
v21 
MV 


-— 
— 


CLEAPANCE 


INPUT DATA 


TABLE B10 


ТС .) 
ВЕС Е 


TRM 
DEG. F 


2 


ο» 
>2 


© 
тт 


«rz 
ПА. к. 


DP VC 
IN. HG 


Hl 


IN. H20 


Ρ5Ρ 
INe HG 


ш? 
2 


с 
оо 
ғ 


RPM 


RUN/PT 


о сс 
- ° 

(N (N(N(NCNCN 

fence eri 


сосососо 
3 > € > 

CLC Cs 

сс сс сс сососо 


ο οοσσο 
xD O O: O O CO 
FFT OH 
@ ° ә ә ее 
= el ee тә om d 3 


οσο e 
DOD Fir 
ANAA FAN 
@ x 29 @ 
See ae 


+ O (NO O 
Os Or Oe 
ο ο οσο 
9995909 о 
oe A ae col 


Qc oc cmo 
MOONOM 
m 
999 9 9 Φ 
0 =) —4 == ==) =J 


Om Ost Or 
Q Oe eue ex 
ceo «^ co co COCO 
° ө ө ө ө ө 
— = == =l = s= 


ае е еее 


Ocooooc 


cum) eum amm qot gm = 
Sanaa =! 
v- 999909 
оооосо 
€ e 00 00 e e 


Ομ οσον 
OTHON 
MONTON 
еее еее 
OMAN N= 


QU eC «f «O0 
Зс. оС 
° ә ө ө ө ө 
АГААР АГ OS 
NANAIMO f AN 


Nf 4040 00 On 
coco cD aD OU 
eeeeee 
шағасы 


OON TOO 
MADDON ч 
° ee ө ® 
ошооғ-ғ- 


Φ 999699 

WOO STUN 
MANO Ot 
an 


оооое о 
Ooooooo 
Peet SOM 
гомо мт 
IN DOH 

Sm 


HANG «d$ UND 


ei cmd em omi pod ed 


Cut ccc t. 
NAINA AION ON 
ff100 0100 080,00 


Ci CO C. C RUNA ` 
. ο е Ә е 9 @ 
Ссс СФ: 
МК ecco co 00D a 


ο ο” Je O C 
ei ў (N P i СО 
иго 
v э» 8 е o O b 
— gud qud ed IONIC 


О сос С, 
ОСМИ О 
MOAT +$ UA O = 
. . е ъ 4 * 


MÀ qm e e e em = 


С?СООР-С еч 
CooMa „ч 
€ enc en en e$ 
94 9 9 9 9 9 
ті өсе өше уш өзе с- 4 өті 


Οσο Ον ως 
Q OO O ече 
~ono СО Со 
9 999 9 9 9 9 
+ 


Оос см 
D TO Ci=- 00 C 0 
G o OC CC O O" 
“ееесеее 
cmd cm e em] ed eum md 


є›с сос сс с 


ососсооо 


Sea a HS 
Aem m e e e 
еееееее 
ςοος ος) 
€ 00 0000 en 0 e 


+ Όρια О ЦУ 
FTNA ANO 
D crnO .O (NF do 
999 Φ 9 9 9 
+ eR 


WIND Dee O 
CU Net + 
Фееееее 
NADO F N сысы О 
(en «f$ uy Or cO 


© ^^ чего 
rm со со со со С 
ee o e @ о о 
co c° cO cO cO CO CO 


0D C4 eun et T => 
СО Q$ OO UA © 
@ v9 909009 6 
Cen ue e O0 
і νο 


оооое оо 
UN ONIO © <7 
00 O O06 еч 
NNN e 04 


99494999 
ооооооо 
οΟοΟιοοσο 
AO O. DUN 
~oan TO 

qm em к= om om 


чече 0 МР 


οσο 


“ο еее 
оф 

(N (N (N(N (N CN CN CN 

(C, 06 een e en en 


сои ANANO со 
e€ ө = ө s 9 ο 
ссоосооо 
сос Ç OO OO η 


mA SF OINO 
ANNO OOO 
INIA GO OOM 
ее е ә е е ее 
etd Seed даі С) СМ СОЈ 


Юя ЧОЧО З + 
NOOO OO co 
Ў ОО М со 
t > F э ӨФӨ э 9 o 


cm) em eme qm e e ed 


Q^ €D eun Cuin c 
Сс Онч $ ЧУР СО 
(ὭΣ 3 
° ө өө ә ө ө ө 
Se SSeS d ed ed 


QOO $ O O O OY tN 
ооз мом 
ОО О О ОО ОО 
Фееее%е%е 
т ке еі еі гі гі em e 


C) 0 XO e e eo CNW 
r= CO Q" O —@ 44 
ссоососос 
5999 99 99 
em e 10/00, 


CONO C C 
COMMAMAMOSC 
еее ә ееебее 


DOMMMM OO 


m =] =й = e e 
=== === ігі 
°@ 9999999 
ο ο ος ΟΟ) 
e e 00 000 05 e e 


Се OP O" 
DOM Oman + 
Os HOS ONDO 
ееееееее 
шысы? $ rey cs 


NINDNO WAP 
См чечим О 
999 9 9 9 9 9 
ONT “== су О^ с“ 
FNNA ч 


Oc $ D O =+ O 
rr COMM 
е 9 % 6 е% е 
SSS St | 
== =) =) = ==) 


U^ f- €DU ^ 6 00 0D 
NONONONO 
999 9 9 9 оо 
m O дошу 
== 


94999 4999 9 
о сы? суо ОС 
uU e r- dx Cero 
CO 00 eu Cu CN em m 


оооооо о о 
оооооооо 
MINNAN FA 
(eO unu own ON 
0D O^ e60 wu Y 0o 

e md m em o e 


SANS «d$ UND P CO 


€0 00 ъа 00e e e en 


КЕ СЕСЕ СЕСЕ 
= * *@ . - - , 
Сы Сысы см Сысы сы 
€ ro 0 en e e ri 


r- 
° 


со\\ сос; С, 
оо 
OC? 
ac 


со 
or 


79.0 


со 
Fr 


D +$ GDP с RP 
|D VA OCO ч O^ 
σιογοσοσοο 

е ә è © è è б 
— =i = — (NJ CN 


NOTORNE 
DO TON DIN 
NOTA OM C 

Φου. t 


° 
Sain =— 


= (N D + O О 
Ain Dinan s 
FNAIO O +$ + 
ее ее еее 
ce vm er i ori cd em 


ч Је СС «Р 
Ar emo» Р 
|D — CO cO K` CC CO 
999 9 9 9 
= 


ωοσ οσο 
ώ COMANN O 
OO O O: O: O. 
° ө о ө ө «в 
о eu em o em e ei 


COO aon 
TODNMON 


D O сс 
оскол + 
949 9 0 9 9 9 
(0 ei D 70^ чо 
mim - ce 


Ot ceu ow 
М М Р-Р Р сос 
9499 9 9 9 o 


22.2727 3 
m m Stet 


ο σο οσο 
со} “ОСО 
999 9 9 Φ9Φ о 
еч Оооо С 
ο ο ο ο σσ 


9499999 о 
more Onn 
АТ 
+ ron n tN Gi 


ооооое о 
ΟΟΟΟΟΟΟ 
tet fT і О СО 
€^ ep c0 co copo en 
U^ Qe muvoo 

Aa = 


ποσώώ ο” 


FIFFI 


144 


ШС E < ο 


οσο ο ο νο 
σιωσισισιο, 


AUC Cites 
ьа . ә € 
οσσοαα) 
m 


ος ο ος Ο) 
NO HONS 
WO DO MA 
e e 99 о е 


m em ep CICS 


NOCO 
SO & GD OS Or — 
сочло 
E p . 94 
e I T 


Ooo C: C. = 
οσοι ιο 
Mem FL 
еее з 9 3 
A ete ied 


е [е 
eoo o 00 
cp cO O O COCO 
ееетеее 
ae SS St eS 


QP COACS e C2 
сом Р-Р 
оссооо 
vv 990909 
еі ее ed ed e o5 


OOCWNG 
OAD OO cO 
e° o °... 
x fuu or O 


CcCocooco 
— M ч 


ооо оо 
cooocr 
CAG AO EE 


Or ACI O 
νο ση 
πι» n CO ror 
еееее ә 
or = O OA 


ONN mO O 
MDOP ini 
°° °°. °... 


омс оом 


WOOHOO 
ODO ΓΗ 
9999 9 9 
r 
e prd 4 4 


οσο Om 
о 2-ден 
94999 9 φ 
uuu «e 
NNN NNN 


9999 ΦΦ 
NOTOTO 
ο ο О 402 
WAS TOMA 


оооое ео 
оооооо 
ММ Осо 
MONON 
ONMIN VO 
ре c 


e COT uo 


VOUS IA LUN 


CC C iC 
Ф . a * 

ο ο CN (N CN 

(een en e en 


ORAS Os 
€ * 9 9 % 9 
OO OOP 
М МР М М М М 


mm OO MoO 
LA CO = VA t 
O OO. C = 
е ә ә ә в о 
vri pd 9 emm] (NJ (N 


C O OC F C 
смол 
“со FU Or 
4 « 4 ^" D © 


Se aS =, =l e=, 


m OFN O e 
MANNA F 
3 2 25 
999 9 4 Φ 
Sana — 


cuc сур с 
оос с сс 
O` O` cO cç cO cO 
999 9 9 Φ 
cmd od n гей d eh 


TOLO 
юм «оомо 
οσοσσο 
° ө ә ө е ө 
e em rm emm ed 


COONDG 
eoo ғ О 3 
оооо о ө 
МиР сос 


ΣΣ 
ocooc 
оооо о о 
CO OO OO 
mnnc 


04 


$F OCO 
"ООР-ОЮО 
cevo $o no. 
9949999 0ο 
Soon о 


тОФОООО 
Ph HAINES 
e @ ° ә ө ө 
Oo O eoo 
- «κ үс 


4400 cu 
INNO 00 
@eeee?e 
оооооо 
NANNAN 


OOOONN 
ON OOO 
ee e°. 
Oo oa car 
NNNN NAN 


@e ee °. 
исо ос с 
Όιιοώσώ 
ЮО сс 


eee... 
осоооо 
NOOWOM 
“ЧАС ОАО) СО 
(N и г- со 
em mi 


exc CMT UD 


O0 D 0 Осо 


PERFCRMANCE EVALUATION OF ICP RADIAL TURBINE 


0.7124 1м. 


CLEARANCE 


DUTPUT DATA 


TABLE 811 


SA METHODO. 
EMPERATURF 


M-NEG. F . 


< @ 


шш 
- С 


С —— 
и. e 
ы. со 
>«- 
O P u. 


СУ Б il 


ШІ5< ЕЗ 


MAXIMUM REARING 


LOSSES 


NO BEARING 


EFFIC- 
EF ТЕКСҮ 


SS 
CR 


LOS 
= СПЕ 
ROT 


S 
É 
Ω 


ANGLE VEL 
ALF29 COEFF 
DEG 


REF 
MNM 
РТ. ЕВ 


UJ e 
eC 
Oa us 
2226 
σα 


Ow 
ош 


Cu. 
«ul 
шо 
ro 


e Xu 
u. cu 
u, w 
αμα 


м о оси М 
© СуСО г Ош 
e ọọ 0ο 0ο Φ Φ 
Q Otu— ++ 
ms uyu usr 
I 


CONS ore 
Cro gcc 
Φ 49 99 9 o 
AFFANNO 


WOO Otc 
et OS OO 
° о ө ө ө ө 
"Ч“ООЭОГ-ЖФ 
осмос 


WO Tato 
OSMOSIS 
< C O O. 
ооо о е 


° 
оооооо 


Cor с сыс) 
чо СС О 
Uu sf eme 
94 9 9 49 9 


оососс 


ком 
ο σώσω 
Φ 99099 6 
(N — CO CO — CO 

шғ-Ғ- Ос 


с оос 
r cartun r. ее 
949 9 ө o o 


+ $ C CNC 


ee Nu OS Uu 
o cC 
aaa =F" 
999 9 o o 


OOOO co 


coc foes 
Sst AOC 
сосоос 
Φ 99999 
Coocoo 


CJ e ч СХ СС 
© © O. O O: try 
e o 99 9 € 
€ roc eco (N 
Ое О с 

гі 


с оом ое 
CO cO cO cO cO cO 
° ө ® ө ө ө 
οοο ο ο 
CO cO CO cO cO CO 


ОО РС 
ONIN vt 
MOM FINE 
Феееее 
оооооо 


σιως ο ώα) 
ο D O COUN 
Qo OP O TO 
eoo ooo 
UY f (N = tet 


OOW TNO 
(NOD ғ сечо 
Doorn uy 
eee ere 
οοοοος 


99099 9 4 
силос О 
со сос 660 
ine Am Cue 
WOOO am 

cc 


сосесо 
σοσσσσ 
CO m em eri e 


9 900099 
=l ==) = =— == c 0 


em ON (0 d$ ώνο 


el god end qd ==4 ө--4 


t Nd 4233 
KC Canoe 
a Cere CN 
ч № OOP sy 


α θα  ομὶ 
К-т“ О @, 
Мусе СО СО e ut 


9 э а б 


a * & 
Or CCOO 
Om AIM OMY 
ONNE со? 
С cO cO O O O 
99 9 99099 
оа хе еа а COG 


HANNON) 
СО“ О Сы СЧС Л 
ο 59499 69959 
CNOOMOW 
fO dust 
| 


< i= (> O au 
Cut Owocea 
94949 9 9 9 9 


OCS ON 


ΝΟ ως 
ND eT Cu ee 
Φ e9€ 9 9709 
Memo er 
Ом М-м 0 


UA гс О ο 
Q^ OQ (r^ 0 eor 
шы СОО 


ооооооо 


WOON C, OO" 
en «f Our us 
SO SD XO WV WU C 
9 99 ο 09 ο 


ος «ος 


πιο ος 
NOMOTA 
“4 е о еее» 
ЧО З М ии 
I (NUA Q = = cO 


e Co COL f ail 
wu C Coe eU X0 
Φ 9.99 9 99 


С wd ecco 


М СХ СОРМ 00 un 
МИГ © ОР OO. 
o ai erm ed el od ei 
° ө Ө ө @ ө о 


соососс 


ασ ΟιΩΝ 
өті е еі өс: 
CO O O O св. 
9999 4999 
Οοο οσο «е; 


CO Pt ot еч род 

на СО OD e ++ 

949956 ө ө Ə 

O^ ew o r- «f СУ 

xO I ο... 
1 


© ог © << и 
со со CO со 
e e° 006 0ο 
ооооосо 
CO cO COcO CO CO CO 


f- 4990 eren tf- O 
Q en (o uen eu 
сее ў и.о М 
* ө о ө ө ө ° 


οσο ооо 


осе о ош 
ЗОМ СОСО. 
ИУС О чо ео 
егеееее 
V^ PO CN NN mM mH і 


СО. ОФ 
use O mnr OQ us 
G O O O OCO .O 
еее е еее 
CO O OOO 


%4 өФеефФее 
(cO СО чеч С 
С аі К O O try + 
ANVOW Ao 
© СОС [atin aa) 

Aaa) 


СО O` O. O` O O: OO 
OO OO coc 
ο ο οσο οσο 
Φ 9999 99 
Saas cd 


ei (NL OCT S UA O 


сысы сы сы сы! с\) С) 


Фо с с 4с с πω 
C C UA CN C P= cou 

a > ” е 3 
e qoe 07YNIO NO 
F-r-a.a cot οι 
WTO NMM ег 
DOS Set FN 
CN CN 00 ста смс 


е ә. за 9 Ө 


OOCcCOOCCcC 


OM OOD Net 
tnn cC (NGN UA em О 
CO O C cO € CO CO O 
«44544959 о ө 
ςς ος ο ὡς 


AO O NACO th 
HMO + Ο ΟΕ 
999: 4 Φ 9 4 9 
С ае OU FTA 
(© ANOS WOM 
tt 


ес ОС сеи Со «О 
МО D == = CO" OC 
v- €e9 e 99 9 9 
QC r- O DUA $ (N= 


и помо. 
о OCO C OO trr 
999 9 4 49 9 9 
rm. Or- + OM G 
rr r Du ro 


eus r- c М С 
сос ом 
unus CUA O ¿ OC 


ооососоо 


м сос со О чо М 
C500 CN «f CN C040 CN 
r O O. O. O Ous + 
94 906 ө 09ο 


Ὁς οωθωςς 


ONWMTOOMD DO 
MOANA CO М 
e e° @ 9 0 ө ө 6 
моск мох: 
eO Uu Р Р СО 
I 


feu ouo 
ANNO DONT 
9 999 9 ө ө ө 
ФР ош +$ со сыя 


мотом 
TANAN OOO 
et SA 
°о ө ө өө ө ө 
OCOOCCOC 


MUAH OM COM 
СӘС еее СИС) 
σσοσσοσοσοσ 
°оо о өө ө ө ө 
оооооосо 


ОСС чеч С meo 

с сос {Оос 

еесеееҮеое«ее 

O ON N e O О ч 

ету 
i 


οσα νου © cor 
CC cO cO cO cO CO CO co 
999 994999 
оосссооо 
CO CÇ CO cO CO CO CO CO 


Tan oor CO .O 
eAUNUS 080^ 40 +f (N 
een e x t wot- 
999 49 99 99 
Οσο ρου ΟοΟ 


сысы с“ OO r-oo 
C OO $ (O о 
πιο οσο — 
99999 999 
ue CONO m em mH e і 


WD MILAM MOCO аі 
Tor У еШ О 
44 СУ О O" O` СОРМ 
Фе 9 ее әее 
4с Оо ОФ 


Φ 4999999 
сое со СОГ ОСО 
m mw Сеи С и 
ошоо ге 
ODay Or 

em codo gud em == 


СО O` O OoOO O` O: Os 
хосоо сос 
(me e e e e e 


849 9 99 @ @@ 
SaaS = =) 


ANIONS UY OP C 


Себ СС Сее Се СС СС 


145 


еее сее ОС СС. 
чо а “q e° 


C'c C. O OC C: 


с.с СО ОС =ч 
NeiC riy ra 
@— cO CO М C; cO cO 
ее е е ө ө ө 
СС ССС 


CoD C, eCf- $ 
Ко сосы со сыг 
9 e° 9 9 өе ө ә 
e OCO Dit 
ο гє ruo 
I 


ᾱ 
с 
° 


+ 


N 
с 
° 


© 


9.74 
7.95 
5.95 
3.69 


cmt 
с 

% 
co 


σα {στήθος 
tN C un € CiN CO 
999 ә Фе 
Ost ON 
r-r P = O 


QODOnrnc oO 
ON! ODO e 
LALA ID LS US NO 
949 Φ °? ө ө ө 


ΟΟΟΟΟΟΟ 


eM MOOS 
сю оч 
Ғ-ОООООФ 
“%444%00%0 


ЭОСОЖФОСС: 


TOO OH ++ 
cm ο $ uyu, 
e v 99 99 9 
осто? 
(NJ f UA TO OF 
I 


— C: ( 0^ e PN 
FOLD LA SLAIN СМ 
999 4 Φ 9 Φ 
σσ O ux + A 


ONAC С O 
+5 Зисо 
μέσ σαν 
94 9 4 Φ 4 9 


οοςςσσσΟ 


ronmonrm 
NAINA ANAS 
σσσσσσσ 
9Φ 90606 9%% 
сссоооо 


AIM C. = D UA О 

KAA TOMOMm CN 

9999 Φ Φ 9 

CO e Р ЧУА 

O O ++ T 
i 


CO Q^ etf6u«o co 
М М-С ос о о 
9999 99 9 
ОСОСОООО 
CO cO CO cC CO cO CO 


et- Oum oe 
CN «f O^ f$ C O tc 
€ eo eo dr uS u^ «o 
Φ 99999 9 
ооооооо 


+ $ O pra 
NOW OWS © 
Q^ P- co COO U^ CN 
ӘееФееее 
NF OMNI Gom өй өсі 


і 4 ССО ОРМ 
eu ouo 
(N еч еч О O СХ 
9994990959 
SaaS SiC) 


оооов о ө 
оғ осо 
зис ом Ое 
ОЗ СО Рм сом 
σο-οώ ο 

ce c cm em с] 


оососос 
OOO CO O OO. 
WV SI PPS 
ee ° ө ө ө ө 
c ed em em ed c od 


HANNS OF 


tress + 


C4 (CN e em eni 
оь è 9 э » 
сх. с. ЕЕ 
cC DUNG SUN 
U+ + ru ts 
ас co о с 
eo 9 Ө ә 9 


Ge OGG Gran 


LMM ag 
Og NOON 
eet@e 8 @ 
e + сог ο 
Cv | 00 fw 
i 


CMON О 
Corr Ow 
969 9 ө в ө 
OoOo xm or 


= 


М) Р «СС Р СС 
x Q un n O 
ее е ә ээ ο 
МО ОЎ Сх М СУ 
ММММ Р 


OmmOMO 
MOMs oO 
TY FANN 
° ө ө ө ө ө 


ΟΟΟΟΟΟ 


Tomode 
ὦ ΟΟΙΟΝΟ 
~~~ ooo 
@ e° e° e... 


COC C OO 


О С ч СХ Р 
οσο δω 
90 9 9 ο ο 
WOO Near 
e eri US «О «О 
I 


TAM чи С С 
A FANN ee 
° ө © ө ө ° 
осом ои 
= 


uve OG fd] rn 
MOST T aus 
е ге vd emi em ol 
«449499 


сооос о 


OC onmo 
с сысы сы) С 
TOTT 
999 99 9 
ооооое 


OF usus O 
ςοσοσο 
° ө ө ө ө ө 
F- CC CN e00 Uu 
us + pi: 


enu ο σι 
— — = co co c 
999999 
Ooooco 
cO co cO co «C cO 


и с. сог 
сч СОС Сз O 
MOST xr uw 
өе э @ 9 9 € 
[(eTelerelele, 


чк Ол 
ке} чс сМ 
OTM NOW 
9499 9 @ ° 
FANN e e 


MAON e 
WOMONMOW 
ANN AO 
994999 4 Φ 
езі өт em е-чі с-і есі 


ev 99909 
PO Wet sO 
f- 10e 0 ee 
оосчс-т 
С че Ш М 

p em e co erm 


OOoOOococ 
ооосооо 
V OVU ONN 
Феееее 
i есіл өзі өсі 


. 


e NL C0 ST USO 


uuu uuu 


4 78 77 
7 7C 6R 
7 83.63 
Г #84. 62 
8 £2.72 
3 82.13 


исш с, 
NQNNN Oe 
» a ә ә 


» ο 
ç .C. C c 


sf u^ Cre ou 
°ч су сос 
cO CC cO CO C CO 
ооо о ө ө 


СССООССС. 


«+029 СС С 
uS eJ Oen 
e 0 © ө ө ә 
сс оо см 
Ni tN + + 
! 


ος = C €. G; 
eocar-o 
v- ο 0 0ο ө o 
СС. С ~ О 


yc te еі 


Cur gu 
+ чмо 
99 4 9 9 4 
босс с м 
ессе 


e«t f NON 
оу соо ос 
0505.33 


ОООСООО 


соку оо 
килсе Сус 
m 
99 9 9 9 в 


«СС ЕСС 


смо епи С 
ο οωωοώ 
Φ ο 6 ο @ ο 
O xO + uN O. 
em emi (NI «ΓΩ 
I 


ta O" C. + ο 
uy O O UA CY LA 
9499 9 9 Φ 
= C O". C i= wo 
== 


e S Oo Ou 
f^ eee «tr 
e end omm Sel = 
ө° ө °... 


CC G OCO 


есес OS 
MANANNAN 
σσσοσοσο 
64949999 


сососо 


an romani 

=O (N r= М С 

99 9 ә е 9 

OOM MAM 

μι 
і 


MONOC m 
m r mx 
Фе 9 еее 
οοοςσος. 
сос осо о < 


Оссо сч се 
PUN COS OE) 
MMOS tu 
4994999: 9 Φ 
oooooo 


ODO 
(DU emo 
талға оғ 
Φ 99 9 99 
FONN e e 


МО С еч а СО 
C2c0 Ue en 
MAINA eM 
996954 ә 
= = = == == 


ееееее 
MWD at 
aM OO OD 
© © O` tenen 
ο ом 
SS = a Se 


охооо сс 
ООО ОО 
D O. O O OQ 
еесеее 
be e A 


ANIC ο 


000000 


PERFORMANCE EVALUATION OF ICP RADIAL TURBINE 


= 9.015 IN, 


CLEARANCE 


INPUT DATA 


TABLE B12 


TC J 
DEG.F 


TRM 
DEG. F 


+> 
>= 


с 
ZI 


AT 


Q. m 


H1 DP VC 
IN, HG 


IN. H20 


PSP 
IN. HG 


RPM 


RUN/PT 


CCCCC C 

€ - 9 = * ” 
сч ем Сы Сы См с\) 
ene rm eene 


Οσο ος 
è =< @ ^ се 
σοσσσο 
RIP 


NEP =e 
Сч чі ιω 
Tors ODOM 
Φ 94 оо 
= StS et =) =, 


С++ 
Waal «1 Ον σι 
NOMS TW 
əд до ә е Фа 
aA =I AISI 


(OC rr 
O OO (N+ + 
κο (N (NJ 
89.9 9 9 9 ө 
= Sl et Ht l 


сестер и 
INOM DOK 
r 
999 9 9 9 
AAS Sa == 


ate OU 
чл ОО 
@ cO O O O CO 
ееееее 
c em md ord emi 


ооосоо 


° ое е ө ө 
OOCOOO 


ОООООФ 
MÀ er mi d em omi 
° ө ® ө ө ө 
Coooco 
en even een en 


МОСС ч 
с юс O O 
NO ONON 
ееееее 
MAN N N e 4 


MTENDA 
оосо 
9959999 
enr- eo ro 
οσο σσώο 


σσ οσον 
ωσωσσο 
Феееее 
uuu uuu 


Oe QOO tu 
HOW =f өсе 
9999 99 
e OCO Om —- 


99999 
Oras 
р зом. 
ч і ot 


ооо о о 
оооооо 
ADMOWO 
зоом 
Ωω οσο m 

eri o ol 


e CN C «f uo 


2-1 өті өше) em ed od 


Ç C C C. C с.с 
е ә ° е фу : k 
ο οσο 
ee en en eo e en 


NCO CO rmm 
Фе  » 9 
ooma < < OO 
ΙΕ 


QO una C On G 
CAD У О „ч 
MINTON 
@ 90 9.4 9 4 Φ 
— — w w = (NJ (NJ 


осе се 
NONE SAM 
MOS ως 
<° ә ғ” * * е ә 


Pe у=—{ ут бе] уста] уң гез 


ў омс С С 
SO 4000 O^ e e 
NNNNA MANT 
ο 5 59 9099 
9 үне Өсе pura P put d 


aC O C-O UA 
mÍ +. 
co cO cO cO Q cO CO 
99909 9 Φ 9 
жї = mom 


сост? 
QO O OO date 
mO O O O. O: O. 
9999 09 89 
mA e lt ood 


oot om 
оссоооо 
Фо ө ө ө ө ө 
ос Ос, У 


O00 0 0-0 DO 
LE = == 


осоосос 
eene 0 even en 


e- U^ Co C (0 e e 
f- 00 d (e OC e 
ОСС и чи ЮО 
ееее еее 
Ў SW NI e 


DOTOOCO 
ο σοσο © =ч 0 
e 499 9 Φ 9 
uà Ono Te 
(3 SY uve (N 


σου КО ч 
r= CO CO CO CO CO O" 
94959 9 9 9 9 
CO cO cO cO CO CO CO 


СР ОСЧ =4 O $ 
vf OO0mo mu 
94049 9 99 9 
MOANN em eC 
Aes == a = 


000 о о ө 
мт Отс Ри 
МО (NO. UA Р = 
CN C o7 == 


999 9 Φ 9 9 
ооооооо 
оооотғтосч 
со О Р- 
F-0» QC «0 

р) р) р с-з el 


чти ом 


сы “усы сы Сы сысы 


с. с.с CCC 
° @ © ө - 
οι ο ο οσο 
en ene en en en 


оссо 
e © © æ è ә 
сосооо 
МР МР М 


МЮ. O` = CD CN 
Fue or 
fuo Oen 
99 909 9 в 
—4 =4 =4 (NJ CN (NJ 


== O" (N (Y (N 
οσο ΙΩΝ ο 
een fuor 
9 4 9 9 э 
=4 = =4 c—4 =4 = 


мос С wo 
Mei ο σι 
mcm cm 
еееефбее 
Sn ean = 


(N$ O = CO = 
O0 O0 (me 
CO cO CÇ CO cO CO 
оооое о 
= === 4 


Damenrs 
сч сы сы С› СОО 
сос с о с 
ееебеее 
Sa SS = 


Oooa gr 
eo om mo. 
e@e o °. ө ө 
NANN TAO 


000000 
ei om m = =) 
ee oo... 
ооосоо 
en en eene e 


С.О М 
CN S£ 000 e 09 
σώσω ο 
eeeeee 
u^ u^ sf STON 


соз очо О 
ANNE 
9909 δυο 9 9 
ANNO 
ANNANN 


сы смс сы О 
М-Р Р с со 
ееееее 
HA 6 а) 1) 
Aa aia = 


TOMAT 
Ce O O cn ++ 
999 9 9 89 
њм оошу 
SS a= = 


э оо өө о 
OOMNDO 
(ΠΟ ΤΟΝΟ 
MON tet 


ee ooo. 
O OOOOO 
5.,ΟσΟΟΙΩ 
METOTO 
DONTOD 
і =) 


ee fuo 


en ene eee 


COGOCc 
* e 9 à * e$ 
οσο οσο 
een enen en en 


σος ο 
оо © ο 59 8 
Oa Dar er 
m 


QIO CO + + +f 
OO HMO + 
fF OOO On 
99 949 9 е 
tem Sean 


£^ Coe O^ CNLON 
FNNO 
MANN ON 
о ое еа 
c omi e omi o emi 


сич О 
eoe «fo 
00e ee en en 
8949 99 ò o 
н 


ODOMOM 
σσωσσσοσ 
со со 0-м 
90 9 Φ 9 9 
c gud 9 od c om 


ete domo 
ONANAN 
eo eo OO cO COCO 
° ө Ө ө ө ө 
= = == 


мечом со 
οσαωμ-σο 
€ v9 99 6 
eve «tu o0 


een een even 
=À 9-4 өз? өте -- ө-2 
ееееее 
оооосо 
mey yy 


и О С = = 
MOD Om 
ath NAMA 
@e@° ° ee? е 
~oonss 


DOAN PM O 
c r o Om 
999059 9 
Ρο duo 
=) e o e ei 


Οὐ σαν 
r = = = coco 
999 9 Φ 9 
тз? 
aS SS == 


uu Om e 
Qu O-f Ge 
99099 9 9 
— 4 е4 С) С С 
NAINA 00 


ee o ө ө ө 
NAN ONTON 
fO nt OO 
F ANAN N A= 


оосооо ео 
оооооо 
OO OO 
+O OOO 
οσο 
1016 mi 


eC 0 us 


тс 


146 


Cece с.с 
е”. 6% » » 
NNN ANNAN 
nm mnm 


eC ο ου σι 
ес е e 68 е 
С „ч ССС есу 
ом һмм 


MAM OO 
DOO mt N 
d$ 4070 еч 
e € 9v ο ου 


ei emi em CN CQ 0] 


[ооо 
nor + 
еи О 
e @ * g a € 


Sate od od ri 


ONN AIC) 
eoo CUP C 
Cu Cue e F 
9909 @ @ 5 
qu q s> e= qu ll 


+ n O = O us 
mm OO OO 
о оосо 2Ο" 
Ф еге ә ее 
і іі ч ы 


GO tN OOO. O 
е Р СО с СОС 
σοσσσσ 
9995999 
Е о == 


COEM 
οσοι» 
9909 9 9 ө 
+ u un Or cO 


d od gl und gd onn 
ечечечечечеч 
ееееее 
οσο ο 
en en even een 


Om OoOr-co 
HOON MN 
MOU MO 
еесеегее 
Orr SOW 


OM Sah 
ποώσοσωώ 
ееееее 
ЄС: © QOO 
m ede!) 


NIANON 
~~o 
999 9 9 9 
m 
o ge o c5 c3 04 


тетог"оо 
OONE NE 
95ο 99 о 
QUU S TMA 
NNNN NAN 


999999 
TONO 
ME NO 
U^ «f «feno 


eee... 
оооооо 
NINOO® 
MOWOWO 
O rv mus Or 
ч 1 


і ЧУИ 


u^ uu uuu 


CC C CU COC 
гест, 
ο ο ο ον 
ene 0 en en, 0 


TOCMOW 
* à еее € 
соссос 
е Ооо 


Natl OO s 
MOD Mem 
UA =ч Р— О` СО =ч 
9946 еее 
Ses OIA 


Wr COMM 
теа? MH 
СиО Р 
44 : 9 9 » 
Aaa Sa = 


MIN OOS 
FNO e 
ene ene et 
ee 90 090 ° 
= =s mimi m 


O FONC 
TALNANNA 
ооосссо 
еееесе 
CN CN CNCNLC4L NI 


u^ dfuwo-t 
++... 
SSS eet = 
соевое о 
NNNNA NAN 


TONCA 
FONDEM 
ееееее 
unun Or o O. 


mei l e m 
сэ см Сысы сысы) 
° о ө ө ө ө 
cC OO GOO 
mm ene e 


OFANA 
с осоо 
(OQ eu el 
° ө ө ө ө ө 
сс оосо ης 


$ OCO GO uN 
DO OD HAI 
990999 Φ 9 
Р Οσο O. GO = 


CONN г 
or" 
ee 9.009€ 
ссоооо 
NANNING 


DOWOCO 
Qoo ouo 
9499 909 9 
οσο 
сты сысы сыс 


TEREE) 
mim OUN ч 
A HAW 
оғы” ы” 


%%Ф 6909 9 
оооооо 
CON MOW 
NAON m 
e xr uxo ο) 
Sa d gl ed e 


ex cO SJ. uso 


O O O O O0 


sles TN, 


CLEARANCE 


PERFORMANCE EVALUATION OF ICP RADIAL TURBINE 
OUTPUT DATA 


TABLE B13 


«tux 


22u'e 
qax ο 
a g 
Un» ° 

EC 
Ou Ww 
SS 


О = № 
OJO 
тян 
Or wu 


are il 


MAXIMUM FEARING LOSSES 


LOSSES 


NO BEARING 


EFFIC- 


LOSS 
ROTOR 


VEL 
COEFF COEFF IENCY 


ANGLE 
ALF20 
DEG 


REF 
MOM 
FT,L8 


шш 


ОЕС 


ALF20 CO 


ANGLE V 


REF 
МОМ 
ΕΤΕΙ Β 


ο 
u w ғ 
шиа. 
zag 


өс 
Mun 
μυ. 
e «x 
асс 


RUN/PT 


OQ Weary rrw 
ee ast 
сего СУУ 
ог р 4 


га ча. с 

хаха с 

TAIN COWL 
° ° ° a . 
OC Ce O<. 
+ +£ = curry 
c Tun K CN S< 
& MOM CO oO 
99999 8 


соцесс 


HVC ust O 
Ah OO.O OC. 
949 9 ° 4« ө 
ONNEN 
се ү “ч. 
! 


СС ОС =— 
een OPM С cO 
° ө э ө ө ө 
Wt TANS 


Ait OF OP 
οσο O 
999 9 ο 0ο 
ta (N MOO 
Om OU = 


OOo mo et 
rus =a СО 
u O со а, С 
ог о ө ө 


есосоо« 


«ιο «ιν 
uy mm Ca OO 
WWF OC = 
еее ә ее 
ο «σας. 


(NC O + O 
NAC ON 
949 9 99 
Sao 0 
e 4 O — O CO 
I 


СО Oa СС СМ 
соғ аа 
999 9 98 
+ nen rN C 


mn OC Of O 
D Or ουσ 
SSH SS =!) 
9909 9 9 8 


οσους, 


u^ (0e 0C. d u^ 
ee moo 
og cocc 
9499999 
COOCOO 


ur NT 
ЗМО гм 40 
сш з осе 
94994999 
u^ en CN ex emt e 


σος συ 
= (N OO UN 
OO Or own 
9959549059 


QOOOOO 


99499 9 ә 
ло < ог 
оз ғи 
WOM SOO 
Wm O O enm 

am 


ARONA 
OOo OQ: O O. 
ч С 7 


999 Φ 99 
i o P pad ped pd 


οσο 


Ot А 4 4 4 4 


ис О нео u's 
u «b Cour u^ 
e s è » Ф e 
кавчсюоош 
xV Oo, oo P «or 


G mus № + 
t C, (N(N АР 
$ гого оо 


99 9.» 


e . е 
C ο (6) OC OO 


mr OAM Oe 
AMANAN S ЭО 
PO CM O O = 
999 9 9 98 


r cc O OC GO 


e g Cof es 
MOOT $F OO 


C 1o е-е ОО е СО) 
чо оос г 
Dun C.O CIS 3 
998 9 9 9 
C' OO G OOO 
оС ЧСС гч 
QN ο οωσο 
и ошиши у М 
999 5 е Фе 


C) CO O OC CO 


i 
QU e Wd eheu 
$ Or o MH 

^ e 99 9 ее 
С СО со спс ο 
TUN Of © 

і 


юг со с} © 
ФОМОСОСОФ? 
999899 89 8 


Dun $ tN = C 


сос? 
+ AUA O Ol = 
түшүнүшүүнүн" 
9 99 9 9 9 9 


ооооосо 


СО ч ОХ «О С O O. 
NNSA ч С СУ 
σσοσσσο 
vo 999 99 
οσο ο 


oq Og o0 c.o0 
+ (NC i= O + 


4 CO (CO 0 iO 
m OO Or ο 
UW AUN 
oseee00e 
UN COD ot od rt ot 


З UA AQ + 
NODA = 
CO OO O сом © 
99999 090 9 
4-4 OO O OOO 


vo 99 9 9 0ο 
ў оос сг С 
+ Af OO + + 
C" O UA O r= 
ODOanTO 

AAJ Ha 


U^ Q^ « co QD eo cD 
оосо сос 
сысы сысы сысы с) 
° о о © ө ө ө 
uud pud quud qued pd om νο 


“суф чуо 


CNUCQ CJ CJ CJ CV CJ 


ОТ 
86 


78. со 
РЗ. 44 
81.23 
74.24 
5^ 


ΟΟ 6000 P «О 
Сы ре СМ =ч O + 
€ e i m cs u, 


Ορος 


(o eo e «o ΟἿ 
NANN WP 
а Рс ас со о 
осооо о 
ОООССЮО 


usuy O < O. C 
© сос {лсо 
999 999 
(N DO O CO Су 
m mus. Or 
! 


οι σος ΩΩ 
WNP FO 
Фее еее 
GO O + ri 


«οιῶςσστς 
σος 
999 9 9 8 
r +" СО 
Ом Im Sr 


Om rO. 
NC Aann 
UA C UA O OCO 

99899 9 


è 
coooco 


€^ C hr uw n 
СС чч 
000 00 f 
9999 9 89 


C,OOC ος) 


MOO FOO 
ONF aN O 
999 498 
mor oO += 
тТООҒ- СО 
I 


ον C0 СС e 
= CO O (N ' O" f 
ее еее е 
ОО $+ (N = 


OQ Cw rn «o 
eot + uA Or 
= Aa a =I 
899996 


оооосо 


со осо лсо 
ο ο Οσα 
G OO C-O O 
994999 Φ 9 
свсссое 


C ++ ur +m 
|D (NJ Оч еч со 
999 899 8 
лом мо 
OW =P CO 

off 


зоос сс 
OO OO f- C 
994999 
ως ΟΟΟΟ 
cÇ CO CO CO CO CO 


Uu QD О (nus 
MADMAN 
e^ e f wu ОМ 
e° ө ө ө ө 
обс осо 


б РГ С t= (N 
CO eC CO nn 4 
συ Όση 
999 9 909 
uen Cy e et o 


f eo cn eo co 
TOFOA 
"ООСОҒ- 
899999 
παν 4 O) Ç2 CO 


vo 9 99 9 
f= rye ON UA CN 
= ST uA QO + 
οοοσοσσύ 
DON Snr 

р] г 1020 лаф om 


со а) сосо сосо 
хосс сс 
ССС СУ СОУ 
9949499 9 
pad ped Ot md Lon 


e 0 xv wo 


MOMMA e e 


147 


езгееее 
COCOG 


WOOL Oo 
MF ONT 
5». 9 9 98 
Oar oo 
m C) ww 
! 


QOO oc: 
СОШ чс 
° ө ө ө ө ө 


Oar OY + 


С?Гг--?Сс с 
AD OOo ч 
* 99 e 0 0 
ок ох 
m" oO 


«Ὁ СОР ст 
с 
NF uc ww stu 
© e° ° о о ө 


оссооо 


с со С‘ со с.р 
NOTMONE 
fO OOM O 
° ө ө ө ө • 


CO C OC C Ç 


CONS AD 
CO m PF (NGN OCO 
°° 9 9 e 9 9€ 
TANS еч 
(JUANA O ЮО М 
I 


uS eom UA US 
еетеәее 
сети? са 


сы © сн 
MOMS AW 
cmm) ge 97 ond] ed qmd 
949 589 9 9 


COCOON 


N e O` A =a СО 
(^o (e 9 4 
осесос 
Феееее 
сососе 


м оси см 
r ACO. (N= 
Феееее 
πο Ψσος 
ο S 
о! 


осо 
SO SD 0D 
° 9599 
ооосоо 
CO cO CO cO O CO 


Q^ e 
WO 
e 
© 


Q^ hue e 
MOTTON 
949 9 өө ө 
= CO (r (NI + 
Са) "с-та 
| 


О a C (N O 
CC O Or O 
999999 
eC Or OW 


m 


eeeteeve 
t= C ОМ + 
hh ο Pp 


NAFA NAN 
are ona 
Ў З ЗиЛ 
тоосоо ο 9 


ооосоо 


|NO A O CO + = 
"O$ (N C. C ON 
ммо 
940 9949 ο 


ος ο 


Qc 4 O о 
ed O 
Феееее 
СОЎ «О чеч 
e em CO US О «О 
I 


ο ο σώοι ο 
OCTAN 
999 9 99 


Og OF Our 
= 


МЮ Ο0 UA Ov us 
Ce en en 4 
== —4 > oem 

е е еее ө 


C ος ΟοΟ 


E F NODA 
een een eec 
хохо сс с 
99 ΦΦ ΦΦ 
Ccooooo 


eco mre 

BOOM TO 

@ e @ ç @ ə 

ODNM aM 

диез? ΤΕ 
і 


З осе м 
“го 
* ө ө ө ө ө 
«ο ο ος) 
eo cp o cO O O 


FUT AM 
CUu OS u^ co 
(0e 00 d ww 
900%» 


ΟΟΟΟΟΟ 


УС) О\ О` СО О 
mun СТ T 
о ге ЈС и 
9959054909 o) 
FONN m m 


= uA eO O 
AON O 
N NN e еч С 
ә ее е ө ә 
ο 


@ °° o... 
MF OWE 
ONON 
Οι ,οΟοώσ 
Q^ e 0 dur 

се өз cod md cA 


ΟΟΟΟσΟΟ 
оооооо 
© 000 0 
Ф9 Ө 9 6 9 @ 
HaHa 0 


v0 0 3| uxo 


U^ uu uuu 


(NO < Са. 
C G ФС СО СУ 

e е ә 
юса d c6: 
М м сс с < 


ио 5 QO uA OO 
чес сосуз 
NOE ec 
s o > е o 


ооосоо 


ос 9 пе! 
υώοσσοο 
ооо 
999 9 Φ 8 
СОСоОС © 


sO Ph CO UN GO OO 
eA COUN OD 
оооп о @ э 
πο ος 
(N aa (N <+ +f 
ΙΙ 


OC Nat 00 
C (Ua C СС СХ 
99 9 9 9 е 
ex eO fo 
Cond Lani 


en eo e t` O 
М СУС Со С, 
999 9 9 8 
С Р СХ СХ Р 
r pr е 


=$ t= cn ro 
= Or Od: 
+J $. όώ 


оососо 


NOONAN 
«Ou CO Pe uH 
М М Р Ν- 
999 9 9 ө 


ооссоос,о 


ΟΟΟ 4Ο) 
e 00 CO QC 4O V^ 
e 9 9 e ου 
ών νοοώςώο 
as ФМ 
і 


CJCOJ XP c^ en CS 
sO p= O + -O 
° ө ө ө ө ө 
C O. Or O 
— 


NOW go mer 
NNNNA. 
ELLE 
954959» 99 
Сос Осе 


P OU Ie СХ 
to en en CON 
σοσσσο 
ооооо о 


ecoocoo 


Q. =L UA CY U ("N 
mQ $O CO + 
Ф-еееее 
us C) O t— CÇ (N 
OOS BIN 

1 І 


Q^ eM rex 
зиши Ου Ο 
Φ 9949699 
оооооо 
со со со сос 


М „чи ОХ СУ еч 
MUD MON MO 
MOOS TW 
еее еее 
οσο ο ο) 


(ra Nd TO 
тоз Ое 
sQ Dr O` r 
ФееФееее 
PON M 


Си СХ СХ суи" 
ОЧМ С 
AN CIN eA 
999 9 9 9 
ed emn n 


е ее еее 
Q" O$ nus O 
cevo + OO O 
eo foo 
OaM FOr 
pd p md d ее өте 


Ο-οοςς 
ооооос 
r r r 
99999 φ 
co cu em pud p rd 


ANM FANO 


O0 OD 400 


APPENDIX C 


PROGRAM NOSPD 


Program NOSPD calculates the referred moments and referred flow 
rates for the stopped-rotor tests and is in essence a much simplified 
version of program RADIAL. The computational techniques used are the 
same in both programs and will not be repeated. Program NOSPD is listed 
in Table Cl, and the input and output date are given in Table C2. Table 
B3 lists the torque calibration data used for each run. The items of 
input data defined in the preceding section apply to this program, 


except as noted below. 


Card No. FORTRAN Description 


1 NRUNS Number of runs (clearances) to be processed 
2 CLNC 
3 TCD 
4 NPTS 
5 v4, V5, 
TCJ, PATM, 
P5P, DPVC, 
TQ, TRM 
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PERFORMANCE EVALUATICN OF ICP RADIAL TURBINE 


TABLE C2 
RESULTS OF ZERO-SPEED TESTS 
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